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Preface

In 1986, the U.S. Environmental Protection Agency (EPA) established a maximum
contaminant level goal (MCLG) of 4 mg/L and a secondary maximum contaminant level
(SMCL) of 2 mg/L for fluoride in drinking water. These exposure values are not
recommendations for the artificial fluoridation of drinking water, but are guidelines for areas in
the United States that are contaminated or have high concentrations of naturally occurring
fluoride. The goal of the MCLG is to establish an exposure guideline to prevent adverse health
effects in the general population, and the goal of the SMCL is to reduce the occurrence of
adverse cosmetic consequences from exposure to fluoride. Both the MCLG and the SMCL are
non-enforceable guidelines.
The regulatory standard for drinking water is the maximum contaminant level (MLC),
which is set as close to the MCLG as possible, with the use of the best technology available. For
fluoride, the MCL is the same as the MCLG of 4 mg/L. In 1993, a previous committee of the
National Research Council (NRC) reviewed the health effects of ingested fluoride and EPA’s
MCL. It concluded that the MCL was an appropriate interim standard, but that further research
was needed to fill data gaps on total exposures to fluoride and its toxicity. Because new research
on fluoride is now available and because the Safe Drinking Water Act requires periodic
reassessment of regulations for drinking water contaminants, EPA requested that the NRC
evaluate the adequacy of its MCLG and SMCL for fluoride to protect public health. In response
to EPA’s request, the NRC convened the Committee on Fluoride in Drinking Water, which
prepared this report. The committee was charged to review toxicologic, epidemiologic, and
clinical data on fluoride, particularly data published since 1993, and exposure data on orally
ingested fluoride from drinking water and other sources. Biographical information on the
committee members is provided in Appendix A.
This report presents the committee’s review of the scientific basis of EPA’s MCLG and
SMCL for fluoride, and their adequacy for protecting children and others from adverse health
effects. The committee considers the relative contribution of various sources of fluoride (e.g.,
drinking water, food, dental-hygiene products) to total exposure, and identifies data gaps and
makes recommendations for future research relevant to setting the MCLG and SMCL for
fluoride. Addressing questions of economics, risk-benefit assessment, or water-treatment
technology was not part of the committee’s charge.
This report has been reviewed in draft form by individuals chosen for their diverse
perspectives and technical expertise, in accordance with procedures approved by the NRC's
Report Review Committee. The purpose of this independent review is to provide candid and
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critical comments that will assist the institution in making its published report as sound as
possible and to ensure that the report meets institutional standards for objectivity, evidence, and
responsiveness to the study charge. The review comments and draft manuscript remain
confidential to protect the integrity of the deliberative process. We wish to thank the following
individuals for their review of this report: Kenneth Cantor, National Cancer Institute; Caswell
Evans, Jr., University of Illinois at Chicago; Michael Gallo, University of Medicine and
Dentistry of New Jersey; Mari Golub, California Environmental Protection Agency; Philippe
Grandjean, University of Southern Denmark; David Hoel, Medical University of South Carolina;
James Lamb, The Weinberg Group Inc.; Betty Olson, University of California at Irvine;
Elizabeth Platz, Johns Hopkins Bloomberg School of Public Health; George Stookey, Indiana
University School of Dentistry; Charles Turner, University of Indiana; Robert Utiger, Harvard
Institute of Medicine; Gary Whitford, Medical College of Georgia; and Gerald Wogan,
Massachusetts Institute of Technology.
Although the reviewers listed above have provided many constructive comments and
suggestions, they were not asked to endorse the conclusions or recommendations, nor did they
see the final draft of the report before its release. The review of this report was overseen by John
C. Bailar, University of Chicago, and Gilbert S. Omenn, University of Michigan Medical School.
Appointed by the NRC, they were responsible for making certain that an independent
examination of this report was carried out in accordance with institutional procedures and that all
review comments were carefully considered. Responsibility for the final content of this report
rests entirely with the authoring committee and the institution.
The committee gratefully acknowledges the individuals who made presentations to the
committee at its public meetings. They include Paul Connett, St. Lawrence University; Joyce
Donohue, EPA; Steve Levy, University of Iowa; William Maas, Centers for Disease Control and
Prevention; Edward Ohanian, EPA; Charles Turner, Indiana University; and Gary Whitford,
University of Georgia. The committee also wishes to thank Thomas Burke, Johns Hopkins
University; Michael Morris, University of Michigan; Bernard Wagner, Wagner and Associates;
and Lauren Zeise, California Environmental Protection Agency, who served as consultants to the
committee.
The committee is grateful for the assistance of the NRC staff in preparing the report. It
particularly wishes to acknowledge the outstanding staff support from project director Susan
Martel. We are grateful for her persistence and patience in keeping us focused and moving
ahead on the task and her expertise and skill in reconciling the differing viewpoints of committee
members. Other staff members who contributed to this effort are James Reisa, director of the
Board on Environmental Studies and Toxicology; Kulbir Bakshi, program director for the
Committee on Toxicology; Cay Butler, editor; Mirsada Karalic-Loncarevic, research associate;
Jennifer Saunders, research associate; and Tamara Dawson, senior project assistant.
Finally, I would like to thank all the members of the committee for their efforts
throughout the development of this report.
John Doull, M.D., Ph.D., Chair
Committee on Fluoride in Drinking Water
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Fluoride in Drinking Water:
A Scientific Review of EPA’s Standards

Summary

Under the Safe Drinking Water Act, the U.S. Environmental Protection Agency (EPA) is
required to establish exposure standards for contaminants in public drinking-water systems that
might cause any adverse effects on human health. These standards include the maximum
contaminant level goal (MCLG), the maximum contaminant level (MCL), and the secondary
maximum contaminant level (SMCL). The MCLG is a health goal set at a concentration at
which no adverse health effects are expected to occur and the margins of safety are judged
“adequate.” The MCL is the enforceable standard that is set as close to the MCLG as possible,
taking into consideration other factors, such as treatment technology and costs. For some
contaminants, EPA also establishes an SMCL, which is a guideline for managing drinking water
for aesthetic, cosmetic, or technical effects.
Fluoride is one of the drinking water contaminants regulated by EPA. In 1986, EPA
established an MCLG and MCL for fluoride at a concentration of 4 milligrams per liter (mg/L)
and an SMCL of 2 mg/L. These guidelines are restrictions on the total amount of fluoride
allowed in drinking water. Because fluoride is well known for its use in the prevention of dental
caries, it is important to make the distinction here that EPA’s drinking-water guidelines are not
recommendations about adding fluoride to drinking water to protect the public from dental
caries. Guidelines for that purpose (0.7 to 1.2 mg/L) were established by the U.S. Public Health
Service more than 40 years ago. Instead, EPA’s guidelines are maximum allowable
concentrations in drinking water intended to prevent toxic or other adverse effects that could
result from exposure to fluoride.
In the early 1990s at the request of EPA, the National Research Council (NRC)
independently reviewed the health effects of ingested fluoride and the scientific basis for EPA’s
MCL. It concluded that the MCL was an appropriate interim standard but that further research
was needed to fill data gaps on total exposure to fluoride and its toxicity. Because new research
on fluoride is now available and because the Safe Drinking Water Act requires periodic
reassessment of regulations for drinking-water contaminants, EPA requested that the NRC again
evaluate the adequacy of its MCLG and SMCL for fluoride to protect public health.
COMMITTEE’S TASK
In response to EPA’s request, the NRC convened the Committee on Fluoride in Drinking
Water, which prepared this report. The committee was charged to review toxicologic,
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epidemiologic, and clinical data on fluoride—particularly data published since the NRC’s
previous (1993) report—and exposure data on orally ingested fluoride from drinking water and
other sources. On the basis of its review, the committee was asked to evaluate independently the
scientific basis of EPA’s MCLG of 4 mg/L and SMCL of 2 mg/L in drinking water and the
adequacy of those guidelines to protect children and others from adverse health effects. The
committee was asked to consider the relative contribution of various fluoride sources (e.g.,
drinking water, food, dental-hygiene products) to total exposure. The committee was also asked
to identify data gaps and to make recommendations for future research relevant to setting the
MCLG and SMCL for fluoride. Addressing questions of artificial fluoridation, economics, riskbenefit assessment, and water-treatment technology was not part of the committee’s charge.
THE COMMITTEE’S EVALUATION
To accomplish its task, the committee reviewed a large body of research on fluoride,
focusing primarily on studies generated since the early 1990s, including information on
exposure; pharmacokinetics; adverse effects on various organ systems; and genotoxic and
carcinogenic potential. The collective evidence from in vitro assays, animal research, human
studies, and mechanistic information was used to assess whether multiple lines of evidence
indicate human health risks. The committee only considered adverse effects that might result
from exposure to fluoride; it did not evaluate health risk from lack of exposure to fluoride or
fluoride’s efficacy in preventing dental caries.
After reviewing the collective evidence, including studies conducted since the early
1990s, the committee concluded unanimously that the present MCLG of 4 mg/L for fluoride
should be lowered. Exposure at the MCLG clearly puts children at risk of developing severe
enamel fluorosis, a condition that is associated with enamel loss and pitting. In addition, the
majority of the committee concluded that the MCLG is not likely to be protective against bone
fractures. The basis for these conclusions is expanded upon below.
Exposure to Fluoride
The major sources of exposure to fluoride are drinking water, food, dental products, and
pesticides. The biggest contributor to exposure for most people in the United States is drinking
water. Estimates from 1992 indicate that approximately 1.4 million people in the United States
had drinking water with natural fluoride concentrations of 2.0 to 3.9 mg/L, and just over 200,000
people had concentrations equal to or exceeding 4 mg/L (the presented MCL). In 2000, it was
estimated that approximately 162 million people had artificially fluoridated water (0.7 to 1.2
mg/L).
Food sources contain various concentrations of fluoride and are the second largest
contributor to exposure. Beverages contribute most to estimated fluoride intake, even when
excluding contributions from local tap water. The greatest source of nondietary fluoride is dental
products, primarily toothpastes. The public is also exposed to fluoride from background air and
from certain pesticide residues. Other sources include certain pharmaceuticals and consumer
products.
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Highly exposed subpopulations include individuals who have high concentrations of
fluoride in drinking water, who drink unusually large volumes of water, or who are exposed to
other important sources of fluoride. Some subpopulations consume much greater quantities of
water than the 2 L per day that EPA assumes for adults, including outdoor workers, athletes, and
people with certain medical conditions, such as diabetes insipidus. On a per-body-weight basis,
infants and young children have approximately three to four times greater exposure than do
adults. Dental-care products are also a special consideration for children, because many tend to
use more toothpaste than is advised, their swallowing control is not as well developed as that of
adults, and many children under the care of a dentist undergo fluoride treatments.
Overall, the committee found that the contribution to total fluoride exposure from
fluoride in drinking water in the average person, depending on age, is 57% to 90% at 2 mg/L and
72% to 94% at 4 mg/L. For high-water-intake individuals, the drinking-water contribution is
86% to 96% at 2 mg/L and 92% to 98% at 4 mg/L. Among individuals with an average waterintake rate, infants and children have the greatest total exposure to fluoride, ranging from 0.079
to 0.258 mg/kg/day at 4 mg/L and 0.046 to 0.144 mg/kg/day at 2 mg/L in drinking water. For
high-water-intake individuals exposed to fluoride at 4 mg/L, total exposure ranges from 0.294
mg/kg/day for adults to 0.634 mg/kg/day for children. The corresponding intake range at 2 mg/L
is 0.154 to 0.334 mg/kg/day for adults and children, respectively.
Dental Effects
Enamel fluorosis is a dose-related mottling of enamel that can range from mild
discoloration of the tooth surface to severe staining and pitting. The condition is permanent after
it develops in children during tooth formation, a period ranging from birth until about the age of
8. Whether to consider enamel fluorosis, particularly the moderate to severe forms, to be an
adverse health effect or a cosmetic effect has been the subject of debate for decades. In previous
assessments, all forms of enamel fluorosis, including the severest form, have been judged to be
aesthetically displeasing but not adverse to health. This view has been based largely on the
absence of direct evidence that severe enamel fluorosis results in tooth loss; loss of tooth
function; or psychological, behavioral, or social problems.
Severe enamel fluorosis is characterized by dark yellow to brown staining and discrete
and confluent pitting, which constitutes enamel loss. The committee finds the rationale for
considering severe enamel fluorosis only a cosmetic effect to be much weaker for discrete and
confluent pitting than for staining. One of the functions of tooth enamel is to protect the dentin
and, ultimately, the pulp from decay and infection. Severe enamel fluorosis compromises that
health-protective function by causing structural damage to the tooth. The damage to teeth caused
by severe enamel fluorosis is a toxic effect that is consistent with prevailing risk assessment
definitions of adverse health effects. This view is supported by the clinical practice of filling
enamel pits in patients with severe enamel fluorosis and restoring the affected teeth. Moreover,
the plausible hypothesis concerning elevated frequency of caries in persons with severe enamel
fluorosis has been accepted by some authorities, and the available evidence is mixed but
generally supportive.
Severe enamel fluorosis occurs at an appreciable frequency, approximately 10% on
average, among children in U.S. communities with water fluoride concentrations at or near the
current MCLG of 4 mg/L. Thus, the MCLG is not adequately protective against this condition.
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Two of the 12 members of the committee did not agree that severe enamel fluorosis
should now be considered an adverse health effect. They agreed that it is an adverse dental
effect but found that no new evidence has emerged to suggest a link between severe enamel
fluorosis, as experienced in the United States, and a person’s ability to function. They judged
that demonstration of enamel defects alone from fluorosis is not sufficient to change the
prevailing opinion that severe enamel fluorosis is an adverse cosmetic effect. Despite their
disagreement on characterization of the condition, these two members concurred with the
committee’s conclusion that the MCLG should prevent the occurrence of this unwanted
condition.
Enamel fluorosis is also of concern from an aesthetic standpoint because it discolors or
results in staining of teeth. No data indicate that staining alone affects tooth function or
susceptibility to caries, but a few studies have shown that tooth mottling affects aesthetic
perception of facial attractiveness. It is difficult to draw conclusions from these studies, largely
because perception of the condition and facial attractiveness are subjective and culturally
influenced. The committee finds that it is reasonable to assume that some individuals will find
moderate enamel fluorosis on front teeth to be detrimental to their appearance and that it could
affect their overall sense of well-being. However, the available data are not adequate to
categorize moderate enamel fluorosis as an adverse health effect on the basis of structural or
psychological effects.
Since 1993, there have been no new studies of enamel fluorosis in U.S. communities with
fluoride at 2 mg/L in drinking water. Earlier studies indicated that the prevalence of moderate
enamel fluorosis at that concentration could be as high as 15%. Because enamel fluorosis has
different distribution patterns among teeth, depending on when exposure occurred during tooth
development and on enamel thickness, and because current indexes for categorizing enamel
fluorosis do not differentiate between mottling of anterior and posterior teeth, the committee was
not able to determine what percentage of moderate cases might be of cosmetic concern.
Musculoskeletal Effects
Concerns about fluoride’s effects on the musculoskeletal system historically have been
and continue to be focused on skeletal fluorosis and bone fracture. Fluoride is readily
incorporated into the crystalline structure of bone and will accumulate over time. Since the
previous 1993 NRC review of fluoride, two pharmacokinetic models were developed to predict
bone concentrations from chronic exposure to fluoride. Predictions based on these models were
used in the committee’s assessments below.
Skeletal Fluorosis
Skeletal fluorosis is a bone and joint condition associated with prolonged exposure to
high concentrations of fluoride. Fluoride increases bone density and appears to exacerbate the
growth of osteophytes present in the bone and joints, resulting in joint stiffness and pain. The
condition is categorized into one of four stages: a preclinical stage and three clinical stages that
increase in severity. The most severe stage (clinical stage III) historically has been referred to as
the “crippling” stage. At stage II, mobility is not significantly affected, but it is characterized by

SUMMARY

5

sporadic pain, stiffness of joints, and osteosclerosis of the pelvis and spine. Whether EPA’s
MCLG of 4 mg/L protects against these precursors to more serious mobility problems is unclear.
Few clinical cases of skeletal fluorosis in healthy U.S. populations have been reported in
recent decades, and the committee did not find any recent studies to evaluate the prevalence of
the condition in populations exposed to fluoride at the MCLG. Thus, to answer the question of
whether EPA’s MCLG protects the general public from stage II and stage III skeletal fluorosis,
the committee compared pharmacokinetic model predictions of bone fluoride concentrations and
historical data on iliac-crest bone fluoride concentrations associated with the different stages of
skeletal fluorosis. The models estimated that bone fluoride concentrations resulting from
lifetime exposure to fluoride in drinking water at 2 mg/L (4,000 to 5,000 mg/kg ash) or 4 mg/L
(10,000 to 12,000 mg/kg ash) fall within or exceed the ranges historically associated with stage
II and stage III skeletal fluorosis (4,300 to 9,200 mg/kg ash and 4,200 to 12,700 mg/kg ash,
respectively). However, this comparison alone is insufficient for determining whether stage II or
III skeletal fluorosis is a risk for populations exposed to fluoride at 4 mg/L, because bone
fluoride concentrations and the levels at which skeletal fluorosis occurs vary widely. On the
basis of the existing epidemiologic literature, stage III skeletal fluorosis appears to be a rare
condition in the United Sates; furthermore, the committee could not determine whether stage II
skeletal fluorosis is occurring in U.S. residents who drink water with fluoride at 4 mg/L. Thus,
more research is needed to clarify the relationship between fluoride ingestion, fluoride
concentrations in bone, and stage of skeletal fluorosis before any conclusions can be drawn.
Bone Fractures
Several epidemiologic studies of fluoride and bone fractures have been published since
the 1993 NRC review. The committee focused its review on observational studies of populations
exposed to drinking water containing fluoride at 2 to 4 mg/L or greater and on clinical trials of
fluoride (20-34 mg/day) as a treatment for osteoporosis. Several strong observational studies
indicated an increased risk of bone fracture in populations exposed to fluoride at 4 mg/L, and the
results of other studies were qualitatively consistent with that finding. The one study using
serum fluoride concentrations found no appreciable relationship to fractures. Because serum
fluoride concentrations may not be a good measure of bone fluoride concentrations or long-term
exposure, the ability to show an association might have been diminished in that study. A metaanalysis of randomized clinical trials reported an elevated risk of new nonvertebral fractures and
a slightly decreased risk of vertebral fractures after 4 years of fluoride treatment. An increased
risk of bone fracture was found among a subset of the trials that the committee found most
informative for assessing long-term exposure. Although the duration and concentrations of
exposure to fluoride differed between the observational studies and the clinical trials, bone
fluoride content was similar (6,200 to more than 11,000 mg/kg ash in observational studies and
5,400 to 12,000 mg/kg ash in clinical trials).
Fracture risk and bone strength have been studied in animal models. The weight of
evidence indicates that, although fluoride might increase bone volume, there is less strength per
unit volume. Studies of rats indicate that bone strength begins to decline when fluoride in bone
ash reaches 6,000 to 7,000 mg/kg. However, more research is needed to address uncertainties
associated with extrapolating data on bone strength and fractures from animals to humans.
Important species differences in fluoride uptake, bone remodeling, and growth must be
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considered. Biochemical and physiological data indicate a biologically plausible mechanism by
which fluoride could weaken bone. In this case, the physiological effect of fluoride on bone
quality and risk of fracture observed in animal studies is consistent with the human evidence.
Overall, there was consensus among the committee that there is scientific evidence that
under certain conditions fluoride can weaken bone and increase the risk of fractures. The
majority of the committee concluded that lifetime exposure to fluoride at drinking-water
concentrations of 4 mg/L or higher is likely to increase fracture rates in the population, compared
with exposure to 1 mg/L, particularly in some demographic subgroups that are prone to
accumulate fluoride into their bones (e.g., people with renal disease). However, three of the 12
members judged that the evidence only supports a conclusion that the MCLG might not be
protective against bone fracture. Those members judged that more evidence is needed to
conclude that bone fractures occur at an appreciable frequency in human populations exposed to
fluoride at 4 mg/L and that the MCLG is not likely to be protective.
There were few studies to assess fracture risk in populations exposed to fluoride at 2
mg/L in drinking water. The best available study, from Finland, suggested an increased rate of
hip fracture in populations exposed to fluoride at concentrations above 1.5 mg/L. However, this
study alone is not sufficient to judge fracture risk for people exposed to fluoride at 2 mg/L.
Thus, no conclusions could be drawn about fracture risk or safety at 2 mg/L.
Reproductive and Developmental Effects
A large number of reproductive and developmental studies in animals have been
conducted and published since the 1993 NRC report, and the overall quality of that database has
improved significantly. Those studies indicated that adverse reproductive and developmental
outcomes occur only at very high concentrations that are unlikely to be encountered by U.S.
populations. A few human studies suggested that high concentrations of fluoride exposure might
be associated with alterations in reproductive hormones, effects on fertility, and developmental
outcomes, but design limitations make those studies insufficient for risk evaluation.
Neurotoxicity and Neurobehavioral Effects
Animal studies designed to test motor coordination, performance of species-typical
behaviors, and some forms of learning and memory have reported deficits in performance related
to fluoride exposure. A few epidemiologic studies of Chinese populations have reported IQ
deficits in children exposed to fluoride at 2.5 to 4 mg/L in drinking water. Although the studies
lacked sufficient detail for the committee to fully assess their quality and relevance to U.S.
populations, the consistency of the results appears significant enough to warrant additional
research on the effects of fluoride on intelligence.
A few animal studies have reported alterations in the behavior of rodents after treatment
with fluoride, but the committee did not find the changes to be substantial in magnitude. More
compelling were studies on molecular, cellular, and anatomical changes in the nervous system
found after fluoride exposure, suggesting that functional changes could occur. These changes
might be subtle or seen only under certain physiological or environmental conditions. More
research is needed to clarify the effect of fluoride on brain chemistry and function.
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Endocrine Effects
The chief endocrine effects of fluoride exposures in experimental animals and in humans
include decreased thyroid function, increased calcitonin activity, increased parathyroid hormone
activity, secondary hyperparathyroidism, impaired glucose tolerance, and possible effects on
timing of sexual maturity. Some of these effects are associated with fluoride intake that is
achievable at fluoride concentrations in drinking water of 4 mg/L or less, especially for young
children or for individuals with high water intake. Many of the effects could be considered
subclinical effects, meaning that they are not adverse health effects. However, recent work on
borderline hormonal imbalances and endocrine-disrupting chemicals indicated that adverse
health effects, or increased risks for developing adverse effects, might be associated with
seemingly mild imbalances or perturbations in hormone concentrations. Further research is
needed to explore these possibilities.
Effects on Other Organ Systems
The committee also considered effects on the gastrointestinal system, kidneys, liver, and
immune system. There were no human studies on drinking water containing fluoride at 4 mg/L
in which gastrointestinal, renal, hepatic, or immune effects were carefully documented. Case
reports and in vitro and animal studies indicated that exposure to fluoride at concentrations
greater than 4 mg/L can be irritating to the gastrointestinal system, affect renal tissues and
function, and alter hepatic and immunologic parameters. Such effects are unlikely to be a risk
for the average individual exposed to fluoride at 4 mg/L in drinking water. However, a
potentially susceptible subpopulation comprises individuals with renal impairments who retain
more fluoride than healthy people do.
Genotoxicity and Carcinogenicity
Many assays have been performed to assess the genotoxicity of fluoride. Since the 1993
NRC review, the most significant additions to the database are in vivo assays in human
populations and, to a lesser extent, in vitro assays with human cell lines and in vivo experiments
with rodents. The results of the in vivo human studies are mixed. The results of in vitro tests are
also conflicting and do not contribute significantly to the interpretation of the existing database.
Evidence on the cytogenetic effects of fluoride at environmental concentrations is contradictory.
Whether fluoride might be associated with bone cancer has been a subject of debate.
Bone is the most plausible site for cancer associated with fluoride because of its deposition into
bone and its mitogenic effects on bone cells in culture. In a 1990 cancer bioassay, the overall
incidence of osteosarcoma in male rats exposed to different amounts of fluoride in drinking
water showed a positive dose-response trend. In a 1992 study, no increase in osteosarcoma was
reported in male rats, but most of the committee judged the study to have insufficient power to
counter the evidence for the trend found in the 1990 bioassay.
Several epidemiologic investigations of the relation between fluoride and cancer have
been performed since the 1993 evaluation, including both individual-based and ecologic studies.
Several studies had significant methodological limitations that made it difficult to draw
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conclusions. Overall, the results are mixed, with some studies reporting a positive association
and others no association.
On the basis of the committee’s collective consideration of data from humans,
genotoxicity assays, and studies of mechanisms of action in cell systems (e.g., bone cells in
vitro), the evidence on the potential of fluoride to initiate or promote cancers, particularly of the
bone, is tentative and mixed. Assessing whether fluoride constitutes a risk factor for
osteosarcoma is complicated by the rarity of the disease and the difficulty of characterizing
biologic dose because of the ubiquity of population exposure to fluoride and the difficulty of
acquiring bone samples in nonaffected individuals.
A relatively large hospital-based case-control study of osteosarcoma and fluoride
exposure is under way at the Harvard School of Public Health and is expected to be published in
the summer of 2006. That study will be an important addition to the fluoride database, because it
will have exposure information on residence histories, water consumption, and assays of bone
and toenails. The results of that study should help to identify what future research will be most
useful in elucidating fluoride’s carcinogenic potential.
DRINKING-WATER STANDARDS
Maximum Contaminant Level Goal
In light of the collective evidence on various health end points and total exposure to
fluoride, the committee concludes that EPA’s MCLG of 4 mg/L should be lowered. Lowering
the MCLG will prevent children from developing severe enamel fluorosis and will reduce the
lifetime accumulation of fluoride into bone that the majority of the committee concludes is likely
to put individuals at increased risk of bone fracture and possibly skeletal fluorosis, which are
particular concerns for subpopulations that are prone to accumulating fluoride in their bones.
To develop an MCLG that is protective against severe enamel fluorosis, clinical stage II
skeletal fluorosis, and bone fractures, EPA should update the risk assessment of fluoride to
include new data on health risks and better estimates of total exposure (relative source
contribution) for individuals. EPA should use current approaches for quantifying risk,
considering susceptible subpopulations, and characterizing uncertainties and variability.
Secondary Maximum Contaminant Level
The prevalence of severe enamel fluorosis is very low (near zero) at fluoride
concentrations below 2 mg/L. From a cosmetic standpoint, the SMCL does not completely
prevent the occurrence of moderate enamel fluorosis. EPA has indicated that the SMCL was
intended to reduce the severity and occurrence of the condition to 15% or less of the exposed
population. The available data indicate that fewer than 15% of children will experience
moderate enamel fluorosis of aesthetic concern (discoloration of the front teeth) at that
concentration. However, the degree to which moderate enamel fluorosis might go beyond a
cosmetic effect to create an adverse psychological effect or an adverse effect on social
functioning is not known.
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OTHER PUBLIC HEALTH ISSUES
The committee's conclusions regarding the potential for adverse effects from fluoride at 2
to 4 mg/L in drinking water do not address the lower exposures commonly experienced by most
U.S. citizens. Fluoridation is widely practiced in the United States to protect against the
development of dental caries; fluoride is added to public water supplies at 0.7 to 1.2 mg/L. The
charge to the committee did not include an examination of the benefits and risks that might occur
at these lower concentrations of fluoride in drinking water.
RESEARCH NEEDS
As noted above, gaps in the information on fluoride prevented the committee from
making some judgments about the safety or the risks of fluoride at concentrations of 2 to 4 mg/L.
The following research will be useful for filling those gaps and guiding revisions to the MCLG
and SMCL for fluoride.
• Exposure assessment
— Improved assessment of exposure to fluoride from all sources is needed for a
variety of populations (e.g., different socioeconomic conditions). To the extent possible,
exposures should be characterized for individuals rather than communities, and epidemiologic
studies should group individuals by exposure level rather than by source of exposure, location of
residence, or fluoride concentration in drinking water. Intakes or exposures should be
characterized with and without normalization for body weight. Fluoride should be included in
nationwide biomonitoring surveys and nutritional studies; in particular, analysis of fluoride in
blood and urine samples taken in these surveys would be valuable.
• Pharmacokinetic studies
— The concentrations of fluoride in human bone as a function of exposure
concentration, exposure duration, age, sex, and health status should be studied. Such studies
would be greatly aided by noninvasive means of measuring bone fluoride. Information is
particularly needed on fluoride plasma and bone concentrations in people with small-to-moderate
changes in renal function as well as in those with serious renal deficiency.
— Improved and readily available pharmacokinetic models should be developed.
Additional cross-species pharmacokinetic comparisons would help to validate such models.
• Studies of enamel fluorosis
— Additional studies, including longitudinal studies, should be done in U.S.
communities with water fluoride concentrations greater than 1 mg/L. These studies should focus
on moderate and severe enamel fluorosis in relation to caries and in relation to psychological,
behavioral, and social effects among affected children, their parents, and affected children after
they become adults.
— Methods should be developed and validated to objectively assess enamel fluorosis.
Consideration should be given to distinguishing between staining or mottling of the anterior teeth
and of the posterior teeth so that aesthetic consequences can be more easily assessed.
— More research is needed on the relation between fluoride exposure and dentin
fluorosis and delayed tooth eruption patterns.
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• Bone studies
— A systematic study of clinical stage II and stage III skeletal fluorosis should be
conducted to clarify the relationship between fluoride ingestion, fluoride concentration in bone,
and clinical symptoms.
— More studies of communities with drinking water containing fluoride at 2 mg/L or
more are needed to assess potential bone fracture risk at these higher concentrations.
Quantitative measures of fracture, such as radiologic assessment of vertebral body collapse,
should be used instead of self-reported fractures or hospital records. Moreover, if possible, bone
fluoride concentrations should be measured in long-term residents.
• Other health effects
— Carefully conducted studies of exposure to fluoride and emerging health
parameters of interest (e.g., endocrine effects and brain function) should be performed in
populations in the United States exposed to various concentrations of fluoride. It is important
that exposures be appropriately documented.

1
Introduction

Under the Safe Drinking Water Act, the U.S. Environmental Protection Agency (EPA) is
required to establish the concentrations of contaminants that are permitted in public drinkingwater systems. A public water system is defined by EPA as a “system for the provision to the
public of water for human consumption through pipes or other constructed conveyances, if such
system has at least fifteen service connections or regularly serves at least twenty-five
individuals” (63 Fed. Reg. 41940 [1998]). Section 1412 of the act, as amended in 1986, requires
EPA to publish maximum-contaminant-level goals (MCLGs) and promulgate national primary
drinking-water regulations (maximum contaminant levels [MCLs]) for contaminants in drinking
water that might cause any adverse effect on human health and that are known or expected to
occur in public water systems. MCLGs are health goals set at concentrations at which no known
or expected adverse health effects occur and the margins of safety are adequate. MCLGs are not
regulatory requirements but are used by EPA as a basis for establishing MCLs. MCLs are
enforceable standards to be set as close as possible to the MCLG with use of the best technology
available. For some contaminants, EPA also establishes secondary maximum contaminant levels
(SMCLs), which are nonenforceable guidelines for managing drinking water for aesthetic,
cosmetic, or technical effects related to public acceptance of drinking water.
Fluoride is one of the natural contaminants found in public drinking water supplies
regulated by EPA. In 1986, an MCLG of 4 milligrams per liter (mg/L) and an SMCL of 2 mg/L
were established for fluoride, and an MCL of 4 mg/L was promulgated. It is important to make
the distinction that EPA’s standards are guidelines for restricting the amount of naturally
occurring fluoride in drinking water; they are not recommendations about the practice of adding
fluoride to public drinking-water systems (see below). In this report, the National Research
Council’s (NRC’s) Committee on Fluoride in Drinking Water reviews the nature of the human
health risks from fluoride, estimates exposures to the general public from drinking water and
other sources, and provides an assessment of the adequacy of the MCLG for protecting public
health from adverse health effects from fluoride and of the SMCL for protecting against cosmetic
effects. Assessing the efficacy of fluoride in preventing dental caries is not covered in this
report.
This chapter briefly reviews the sources of fluoride in drinking water, states the task the
committee addressed, sets forth the committee’s activities and deliberative process in developing
the report, and describes the organization of the report.
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FLUORIDE IN DRINKING WATER
Fluoride may be found in drinking water as a natural contaminant or as an additive
intended to provide public health protection from dental caries (artificial water fluoridation).
EPA’s drinking water standards are restrictions on the amount of naturally occurring fluoride
allowed in public water systems, and are not recommendations about the practice of water
fluoridation. Recommendations for water fluoridation were established by the U.S. Public
Health Service, and different considerations were factored into how those guidelines were
established.
Natural
Fluoride occurs naturally in public water systems as a result of runoff from weathering of
fluoride-containing rocks and soils and leaching from soil into groundwater. Atmospheric
deposition of fluoride-containing emissions from coal-fired power plants and other industrial
sources also contributes to amounts found in water, either by direct deposition or by deposition
to soil and subsequent runoff into water. Of the approximately 10 million people with naturally
fluoridated public water supplies in 1992, around 6.7 million had fluoride concentrations less
than or equal to 1.2 mg/L (CDC 1993). Approximately 1.4 million had natural fluoride
concentrations between 1.3 and 1.9 mg/L, 1.4 million had between 2.0 and 3.9 mg/L, and
200,000 had concentrations equal to or exceeding 4.0 mg/L. Exceptionally high concentrations
of fluoride in drinking water are found in areas of Colorado (11.2 mg/L), Oklahoma (12.0 mg/L),
New Mexico (13.0 mg/L), and Idaho (15.9 mg/L).
Areas of the United States with concentrations of fluoride in drinking water greater than
1.3 mg/L are all naturally contaminated. As discussed below, a narrow concentration range of
0.7 to 1.2 mg/L is recommended when decisions are made to intentionally add fluoride into
water systems. This lower range also occurs naturally in some areas of the United States.
Information on the fluoride content of public water supplies is available from local water
suppliers and local, county, or state health departments.
Artificial
Since 1945, fluoride has been added to many public drinking-water supplies as a publichealth practice to control dental caries. The “optimal” concentration of fluoride in drinkingwater for the United States for the prevention of dental caries has been set at 0.7 to 1.2 mg/L,
depending on the mean temperature of the locality (0.7 mg/L for areas with warm climates,
where water consumption is expected to be high, and 1.2 mg/L for cool climates, where water
consumption is low) (PHS 1991). The optimal range was determined by selecting concentrations
that would maximize caries prevention and limit enamel fluorosis, a dose-related mottling of
teeth that can range from mild discoloration of the surface to severe staining and pitting.
Decisions about fluoridating a public drinking-water supply are made by state or local
authorities. CDC (2002a) estimates that approximately 162 million people (65.8% of the
population served by public water systems) received optimally fluoridated water in 2000.
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The practice of fluoridating water supplies has been the subject of controversy since it
began (see reviews by Nesin 1956; Wollan 1968; McClure 1970; Marier 1977; Hileman 1988).
Opponents have questioned the motivation for and the safety of the practice; some object to it
because it is viewed as being imposed on them by the states and as an infringement on their
freedom of choice (Hileman 1988; Cross and Carton 2003). Others claim that fluoride causes
various adverse health effects and question whether the dental benefits outweigh the risks
(Colquhoun 1997). Another issue of controversy is the safety of the chemicals used to fluoridate
water. The most commonly used additives are silicofluorides, not the fluoride salts used in
dental products (such as sodium fluoride and stannous fluoride). Silicofluorides are one of the
by-products from the manufacture of phosphate fertilizers. The toxicity database on
silicofluorides is sparse and questions have been raised about the assumption that they
completely dissociate in water and, therefore, have toxicity similar to the fluoride salts tested in
laboratory studies and used in consumer products (Coplan and Masters 2001).
It also has been maintained that, because of individual variations in exposure to fluoride,
it is difficult to ensure that the right individual dose to protect against dental caries is provided
through large-scale water fluoridation. In addition, a body of information has developed that
indicates the major anticaries benefit of fluoride is topical and not systemic (Zero et al. 1992;
Rölla and Ekstrand 1996; Featherstone 1999; Limeback 1999a; Clarkson and McLoughlin 2000;
CDC 2001; Fejerskov 2004). Thus, it has been argued that water fluoridation might not be the
most effective way to protect the public from dental caries.
Public health agencies have long disputed these claims. Dental caries is a common
childhood disease. It is caused by bacteria that colonize on tooth surfaces, where they ferment
sugars and other carbohydrates, generating lactic acid and other acids that decay tooth enamel
and form a cavity. If the cavity penetrates to the dentin (the tooth component under the enamel),
the dental pulp can become infected, causing toothaches. If left untreated, pulp infection can
lead to abscess, destruction of bone, and systemic infection (Cawson et al. 1982; USDHHS
2000). Various sources have concluded that water fluoridation has been an effective method for
preventing dental decay (Newbrun 1989; Ripa 1993; Horowitz 1996; CDC 2001; Truman et al.
2002). Water fluoridation is supported by the Centers for Disease Control and Prevention (CDC)
as one of the 10 great public health achievements in the United States, because of its role in
reducing tooth decay in children and tooth loss in adults (CDC 1999). Each U.S. Surgeon
General has endorsed water fluoridation over the decades it has been practiced, emphasizing that
“[a] significant advantage of water fluoridation is that all residents of a community can enjoy its
protective benefit . . . A person’s income level or ability to receive dental care is not a barrier to
receiving fluoridation’s health benefits” (Carmona 2004).
As noted earlier, this report does not evaluate nor make judgments about the benefits,
safety, or efficacy of artificial water fluoridation. That practice is reviewed only in terms of
being a source of exposure to fluoride.
HISTORY OF EPA’S REGULATION OF FLUORIDE
In 1975, EPA proposed an interim primary drinking-water regulation for fluoride of 1.42.4 mg/L. That range was twice the “optimal” range of 0.7 to 1.2 mg/L recommended by the
U.S. Public Health Service for water fluoridation. EPA’s interim guideline was selected to
prevent the occurrence of objectionable enamel fluorosis, mottling of teeth that can be classified
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as mild, moderate, or severe. In general, mild cases involve the development of white opaque
areas in the enamel of the teeth, moderate cases involve visible brown staining, and severe cases
include yellow to brown staining and pitting and cracking of the enamel (NRC 1993). EPA
considered objectionable enamel fluorosis to involve moderate to severe cases with dark stains
and pitting of the teeth.
The history of EPA’s regulation of fluoride is documented in 50 Fed. Reg. 20164 (1985).
In 1981, the state of South Carolina petitioned EPA to exclude fluoride from the primary
drinking-water regulations and to set only an SMCL. South Carolina contended that enamel
fluorosis should be considered a cosmetic effect and not an adverse health effect. The American
Medical Association, the American Dental Association, the Association of State and Territorial
Dental Directors, and the Association of State and Territorial Health Officials supported the
petition. After reviewing the issue, the U.S. Public Health Service concluded there was no
evidence that fluoride in public water supplies has any adverse effects on dental health, as
measured by loss of teeth or tooth function. U.S. Surgeon General C. Everett Koop supported
that position. The National Drinking Water Advisory Council (NDWAC) recommended that
enamel fluorosis should be the basis for a secondary drinking water regulation. Of the health
effects considered to be adverse, NDWAC found osteosclerosis (increased bone density) to be
the most relevant end point for establishing a primary regulation.
EPA asked the U.S. Surgeon General to review the available data on the nondental effects
of fluoride and to determine the concentrations at which adverse health effects would occur and
an appropriate margin of safety to protect public health. A scientific committee convened by the
surgeon general concluded that exposure to fluoride at 5.0 to 8.0 mg/L was associated with
radiologic evidence of osteosclerosis. Osteosclerosis was considered to be not an adverse health
effect but an indication of osseous changes that would be prevented if the maximum content of
fluoride in drinking water did not exceed 4 mg/L. The committee further concluded that there
was no scientific documentation of adverse health effects at 8 mg/L and lower; thus, 4 mg/L
would provide a margin of safety. In 1984, the surgeon general concluded that osteosclerosis is
not an adverse health effect and that crippling skeletal fluorosis was the most relevant adverse
health effect when considering exposure to fluoride from public drinking-water supplies. He
continued to support limiting fluoride concentrations to 2 mg/L to avoid objectionable enamel
fluorosis (50 Fed. Reg. 20164 [1985]).
In 1984, NDWAC took up the issue of whether psychological and behavioral effects from
objectionable enamel fluorosis should be considered adverse. The council concluded that the
cosmetic effects of enamel fluorosis could lead to psychological and behavioral problems that
affect the overall well-being of the individual. EPA and the National Institute of Mental Health
convened an ad hoc panel of behavioral scientists to further evaluate the potential psychological
effects of objectionable enamel fluorosis. The panel concluded that “individuals who have
suffered impaired dental appearance as a result of moderate or severe fluorosis are probably at
increased risk for psychological and behavioral problems or difficulties” (R. E. Kleck,
unpublished report, Nov. 17, 1984, as cited in 50 Fed. Reg. 20164 [1985]). NDWAC
recommended that the primary drinking-water guideline for fluoride be set at 2 mg/L (50 Fed.
Reg. 20164 [1985]).
On the basis of its review of the available data and consideration of the recommendations
of various advisory bodies, EPA set an MCLG of 4 mg/L on the basis of crippling skeletal
fluorosis (50 Fed. Reg. 47,142 [1985]). That value was calculated from an estimated lowestobserved-adverse-effect level of 20 mg/day for crippling skeletal fluorosis, the assumption that
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adult water intake is 2 L per day, and the application of a safety factor of 2.5. This factor was
selected by EPA to establish an MCLG that was in agreement with a recommendation from the
U.S. Surgeon General. In 1986, the MCL for fluoride was promulgated to be the same as the
MCLG of 4 mg/L (51 Fed. Reg. 11,396 [1986]).
EPA also established an SMCL for fluoride of 2 mg/L to prevent objectionable enamel
fluorosis in a significant portion of the population (51 Fed. Reg. 11,396 [1986]). To set that
guideline, EPA reviewed data on the incidence of moderate and severe enamel fluorosis and
found that, at a fluoride concentration of 2 mg/L, the incidence of moderate fluorosis ranged
from 0% to 15%. Severe cases appeared to be observed only at concentrations above 2.5 mg/L.
Thus, 2 mg/L was considered adequate for preventing enamel fluorosis that would be
cosmetically objectionable. EPA established the SMCL as an upper boundary guideline for areas
that have high concentrations of naturally occurring fluoride. EPA does not regulate or promote
the addition of fluoride to drinking water. If fluoride in a community water system exceeds the
SMCL but not the MCL, a notice about potential risk of enamel fluorosis must be sent to all
customers served by the system (40 CFR 141.208[2005]).
In the early 1990s, the NRC was asked to independently review the health effects of
ingested fluoride and EPA’s MCL. The NRC (1993) found EPA’s MCL of 4 mg/L to be an
appropriate interim standard. Its report identified inconsistencies in the fluoride toxicity
database and gaps in knowledge. Accordingly, the NRC recommended research in the areas of
fluoride intake, enamel fluorosis, bone strength and fractures, and carcinogenicity. A list of the
specific recommendations from that report is provided in Box 1-1.
COMMITTEE’S TASK
The Safe Drinking Water Act requires that EPA periodically review existing standards
for water contaminants. Because of that requirement and new research on fluoride, EPA’s Office
of Water requested that the NRC reevaluate the adequacy of the MCLG and SMCL for fluoride
to protect public health. The NRC assigned this task to the standing Committee on Toxicology,
and convened the Committee on Fluoride in Drinking Water. The committee was asked to
review toxicologic, epidemiologic, and clinical data, particularly data published since 1993, and
exposure data on orally ingested fluoride from drinking water and other sources (e.g., food,
toothpaste, dental rinses). On the basis of those reviews, the committee was asked to evaluate
independently the scientific basis of EPA’s MCLG of 4 mg/L and SMCL of 2 mg/L in drinking
water and the adequacy of those guidelines to protect children and others from adverse health
effects. The committee was asked to consider the relative contribution of various fluoride
sources (e.g., food, dental-hygiene products) to total exposure. The committee also was asked to
identify data gaps and make recommendations for future research relevant to setting the MCLG
and SMCL for fluoride. Addressing questions of economics, risk-benefit assessment, and watertreatment technology was not part of the committee’s charge.
The committee is aware that some readers expect this report to make a determination
about whether public drinking-water supplies should be fluoridated. That expectation goes
beyond the committee’s charge. As noted above, the MCLG and SMCL are guidelines for areas
where fluoride concentrations are naturally high. They are designed with the intent to protect the
public from adverse health effects related to fluoride exposure and not as guidelines to provide
health benefits.
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BOX 1-1 Recommendations from NRC (1993) Report
Intake, Metabolism, and Disposition of Fluoride
• Determine and compare intake of fluoride from all sources, including fluoride-containing
dental products, in communities with fluoridated and nonfluoridated water. That information would
improve our understanding of trends in dental caries, enamel fluorosis, and possibly other disorders or
diseases.
• Determine the effects of factors that affect human acid-base balance and urinary pH on the
metabolic characteristics, balance, and tissue concentrations of fluoride.
• Determine the metabolic characteristics of fluoride in infants, young children, and the elderly.
• Determine prospectively the metabolic characteristics of fluoride in patients with progressive
renal disease.
• Using preparative and analytical methods now available, determine soft-tissue fluoride
concentrations and their relation to plasma fluoride concentrations. Consider the relation of tissue
concentrations to variables of interest, including past fluoride exposure and age.
• Identify the compounds that compose the “organic fluoride pool” in human plasma and
determine their sources, metabolic characteristics, fate, and biological importance.
Enamel Fluorosis
• Identify sources of fluoride during the critical stages of tooth development in childhood and
evaluate the contribution of each source to enamel fluorosis.
• Conduct studies on the relation between water fluoride concentrations and enamel fluorosis
in various climatic zones.
• Determine the lowest concentration of fluoride in toothpaste that produces acceptable
cariostasis.
• Conduct studies on the contribution of ingested fluoride and fluoride applied topically to teeth
to prevent caries.
Bone Fracture
• Conduct a workshop to evaluate the advantages and disadvantages of the various doses,
treatments, laboratory animal models, weight-bearing versus non-weight-bearing bones, and testing
methods for bone strength that can be used to determine the effects of fluoride on bone.
• Conduct additional studies of hip and other fractures in geographic areas with high and low
fluoride concentration in drinking water and make use of individual information about water
consumption. These studies also should collect individual information on bone fluoride concentrations
and intake of fluoride from all sources, as well as reproductive history, past and current hormonal
status, intake of dietary and supplemental calcium and other cations, bone density, and other factors
that might influence the risk of hip fracture.
Carcinogenicity
• Conduct one or more highly focused, carefully designed analytical studies (case control or
cohort) of the cancer sites that are most highly suspect, based on data from animal studies and the few
suggestions of a carcinogenic effect reported in the epidemiologic literature. Such studies should be
designed to gather information on individual study subjects so that adjustments can be made for the
potential confounding effects of other risk factors in analyses of individuals. Information on fluoride
exposure from sources other than water must be obtained, and estimates of exposure from drinking
water should be as accurate as possible. In addition, analysis of fluoride in bone samples from patients
and controls would be valuable in inferring total lifetime exposures to fluoride. Among the disease
outcomes that warrant separate study are osteosarcomas and cancers of the buccal cavity, kidney, and
bones and joints.
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COMMITTEE’S APPROACH
To accomplish its task, the committee held six meetings between August 2003 and June
2005. The first two meetings involved data-gathering sessions that were open to the public. The
committee heard presentations from EPA, CDC, individuals involved in fluoride research,
fluoridation supporters, and antifluoridation proponents. The committee also reviewed a large
body of written material on fluoride, primarily focusing on research that was completed after
publication of the 1993 NRC report. The available data included numerous research articles,
literature reviews, position papers, and unpublished data submitted by various sources, including
the public. Each paper and submission was evaluated case by case on its own merits.
Unless otherwise noted, the term fluoride is used in this report to refer to the inorganic,
ionic form. Most of the nonepidemiologic studies reviewed involved exposure to a specified
fluoride compound, usually sodium fluoride. Various units of measure are used to express
exposure to fluoride in terms of exposure concentrations and internal dose (see Table 1-1 and
Chapter 3). To the extent possible, the committee has tried to use units that allow for easy
comparisons.
In this report, the committee updates information on the issues considered in the 1993
review—namely, data on pharmacokinetics; dental effects; skeletal effects; reproductive and
developmental effects; neurological and behavioral effects; endocrine effects; gastrointestinal,
renal, hepatic, and immune effects; genotoxicity; and carcinogenicity. More inclusive reviews
are provided on effects to the endocrine and central nervous systems, because the previous NRC
review did not give those effects as much attention. The committee used a general weight-ofevidence approach to evaluate the literature, which involved assessing whether multiple lines of
evidence indicate a human health risk. This included an evaluation of in vitro assays, animal
research, and human studies (conducted in the United States and other countries). Positive and
negative results were considered, as well as mechanistic and nonmechanistic information. The
collective evidence was considered in perspective with exposures likely to occur from to fluoride
in drinking water at the MCLG or SMCL.
In evaluating the effects of fluoride, consideration is given to the exposure associated
with the effects in terms of dose and time. Dose is a simple variable (such as mg/kg/day), and
time is a complex variable because it involves not only the frequency and duration of exposure
but also the persistence of the agent in the system (kinetics) and the effect produced by the agent
(dynamics). Whether the key rate-limiting events responsible for the adverse effect are occurring
in the kinetic or in the dynamic pathway is important in understanding the toxicity of a chemical
and in directing future research (see Rozman and Doull 2000). The committee also attempts to
characterize fluoride exposures from various sources to different subgroups within the general
population and to identify subpopulations that might be particularly susceptible to the effects of
fluoride.
TABLE 1-1 Units Commonly Used for Measuring Fluoride
Medium
Water
Plasma
Bone ash

Unit
1 ppm
1 µmol/L
1 ppm
1%

Equivalent
1 mg/L
0.019 mg/L
1 mg/kg
10,000 mg/kg

Abbreviations: mg/kg, milligrams per kilogram; mg/L, milligrams per liter; µmol/L, micromoles per liter; ppm,
parts per million.
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STRUCTURE OF THE REPORT
The remainder of this report is organized into 10 chapters. Chapter 2 characterizes the
general public’s exposure to fluoride from drinking water and other sources. Chapter 3 provides
a description of the chemistry of fluoride and pharmacokinetic information that was considered
in evaluating the toxicity data on fluoride. In Chapters 4-9, the committee evaluates the
scientific literature on adverse effects of fluoride on teeth, the musculoskeletal system,
reproduction and development, the nervous system, the endocrine system, the gastrointestinal
system, the kidneys, the liver, and the immune system. Chapter 10 evaluates the genotoxic and
carcinogenic potential of fluoride. Finally, Chapter 11 provides an assessment of the most
significant health risks from fluoride in drinking water and its implications for the adequacy of
EPA’s MCLG and SMCL for protecting the public.

2
Measures of Exposure to Fluoride in the United States

The major sources of internal exposure of individuals to fluorides are the diet (food,
water, beverages) and fluoride-containing dental products (toothpaste, fluoride supplements).
Internal exposure to fluorides also can occur from inhalation (cigarette smoke, industrial
emissions), dermal absorption (from chemicals or pharmaceuticals), ingestion or parenteral
administration of fluoride-containing drugs, and ingestion of fluoride-containing soil.
Information on the pharmacokinetics of fluoride are provided in Chapter 3.
The National Research Council’s (NRC’s) 1993 review of the health effects of ingested
fluoride reported estimates of average daily fluoride intake from the diet of 0.04-0.07 mg/kg of
body weight for young children in an area with fluoridated water (fluoride concentration in
drinking water, 0.7-1.2 mg/L; NRC 1993). Dietary intake of fluoride by adults in an area with
fluoridated water was variously estimated to be between 1.2 and 2.2 mg/day (0.02-0.03 mg/kg
for a 70-kg adult). The fluoride intake from toothpaste or mouth rinse by children with good
control of swallowing, assuming twice-a-day use, was estimated to equal the intake from food,
water, and beverages. The review acknowledged that “substantially” higher intakes of fluoride
from consumption of fluoridated water would result for individuals such as outdoor laborers in
warm climates or people with high-urine-output disorders, but these intakes were not quantified.
Similarly, children and others with poor control of swallowing could have intakes of fluoride
from dental products that exceed the dietary intakes, but these intakes also were not quantified.
Other factors cited as affecting individual fluoride intakes include changes in the guidelines for
fluoride supplementation and use of bottled water or home water purification systems rather than
fluoridated municipal water. The NRC (1993) recommended further research to “determine and
compare the intake of fluoride from all sources, including fluoride-containing dental products, in
fluoridated and non-fluoridated communities.”
This chapter provides a review of the available information on fluoride exposures in the
United States, including sources of fluoride exposure, intakes from various fluoride sources, and
factors that could affect individual exposures to fluorides. Population subgroups with especially
high exposures are discussed. The major emphasis of this chapter is on chronic exposure rather
than acute exposure. The use of biomarkers as alternative approaches to estimation of actual
individual exposures is also discussed.
In practice, most fluorine added to drinking water is in the form of fluosilicic acid
(fluorosilicic acid, H2SiF6) or the sodium salt (sodium fluosilicate, Na2SiF6), collectively referred
to as fluorosilicates (CDC 1993); for some smaller water systems, fluoride is added as sodium
fluoride (NaF). Fluoride in toothpaste and other dental products is usually present as sodium
fluoride (NaF), stannous fluoride (SnF2), or disodium monofluorophosphate (Na2PO3F).
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Fluorine-containing pesticides and pharmaceuticals also contribute to total fluorine exposures
and are considered separately. Fluoride in food and drinking water usually is considered in terms
of total fluorine content, assumed to be present entirely as fluoride ion (F-). Information on
exposures to fluorosilicates and aluminofluorides is also included.
SOURCES OF FLUORIDE EXPOSURE
Drinking Water
General Population
The major dietary source of fluoride for most people in the United States is fluoridated
municipal (community) drinking water, including water consumed directly, food and beverages
prepared at home or in restaurants from municipal drinking water, and commercial beverages
and processed foods originating from fluoridated municipalities. On a mean per capita basis,
community (public or municipal) water constitutes 75% of the total water ingested in the United
States; bottled water constitutes 13%, and other sources (e.g., wells and cisterns) constitute l0%
(EPA 2000a). Municipal water sources that are not considered “fluoridated” could contain low
concentrations of naturally occurring fluoride, as could bottled water and private wells,
depending on the sources.
An estimated 162 million people in the United States (65.8% of the population served by
public water systems) received “optimally fluoridated”1 water in 2000 (CDC 2002a). This
represents an increase from 144 million (62.1%) in 1992. The total number of people served by
public water systems in the United States is estimated to be 246 million; an estimated 35 million
people obtain water from other sources such as private wells (CDC 2002a,b). The U.S.
Environmental Protection Agency (EPA) limits the fluoride that can be present in public
drinking-water supplies to 4 mg/L (maximum contaminant level, or MCL) to protect against
crippling skeletal fluorosis, with a secondary maximum contaminant level (SMCL) of 2 mg/L to
protect against objectionable dental fluorosis (40CFR 141.62(b)[2001], 40CFR 143.3[2001]).
Of the 144 million people with fluoridated public water supplies in 1992, approximately
10 million (7%) received naturally fluoridated water, the rest had artificially fluoridated water
(CDC 2002c). Of the population with artificially fluoridated water in 1992, more than two-thirds
had a water fluoride concentration of 1.0 mg/L, with almost one-quarter having lower
concentrations and about 5% having concentrations up to 1.2 mg/L (CDC 1993; see Appendix
B).
Of the approximately 10 million people with naturally fluoridated public water supplies
in 1992, approximately 67% had fluoride concentrations ≤ 1.2 mg/L (CDC 1993; see Appendix
B). Approximately 14% had fluoride concentrations between 1.3 and 1.9 mg/L and another 14%
had between 2.0 and 3.9 mg/L; 2% (just over 200,000 persons) had natural fluoride

1

The term optimally fluoridated water means a fluoride level of 0.7-1.2 mg/L; water fluoride levels are based on the
average maximum daily air temperature of the area (see Appendix B).
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concentrations equal to or exceeding 4.0 mg/L.2 Water supplies that exceeded 4.0 mg/L ranged
as high as 11.2 mg/L in Colorado, 12.0 mg/L in Oklahoma, 13.0 mg/L in New Mexico, and 15.9
mg/L in Idaho (see Appendix B, Table B-3).3 States with the largest populations receiving water
supplies with fluoride at ≥ 4.0 mg/L included Virginia (18,726 persons, up to 6.3 mg/L),
Oklahoma (18,895 persons, up to 12.0 mg/L), Texas (36,863 persons, up to 8.8 mg/L), and South
Carolina (105,618 persons, up to 5.9 mg/L).
Little information is available on the fluoride content of private water sources, but the
variability can reasonably be expected to be high and to depend on the region of the country.
Fluoride measured in well water in one study in Iowa ranged from 0.06 to 7.22 mg/L (mean, 0.45
mg/L); home-filtered well water contained 0.02-1.00 mg/L (mean, 0.32 mg/L; Van Winkle et al.
1995). Hudak (1999) determined median fluoride concentrations for 237 of 254 Texas counties
(values were not determined for counties with fewer than five observations). Of the 237
counties, 84 have median groundwater fluoride concentrations exceeding 1 mg/L; of these, 25
counties exceed 2 mg/L and five exceed 4 mg/L. Residents in these areas (or similar areas in
other states) who use groundwater from private wells are likely to exceed current guidelines for
fluoride intake.
Duperon et al. (1995) pointed out that fluoride concentrations reported by local water
suppliers can be substantially different from concentrations measured in water samples obtained
in homes. Use of home water filtration or purification systems can reduce the fluoride
concentration in community water by 13% to 99%, depending on the type of system (Duperon et
al. 1995; Van Winkle et al. 1995; Jobson et al. 2000). Distillation or reverse osmosis can remove
nearly all the fluoride. The extent of use of home water filtration or purification systems
nationally is not known but obviously would affect the fluoride intake for people using such
systems. Van Winkle et al. (1995) reported that 11% of their study population (in Iowa) used
some type of home filtration either for well water or for public water.
Fluoride concentrations in bottled water4 are regulated by law to a maximum of 1.4-2.4
mg/L if no fluoride is added and a maximum of 0.8-1.7 mg/L if fluoride is added (the applicable
value within the range depends on the annual average of maximum daily air temperatures at the
location of retail sale; 21CFR 165.110[2003]). Maximum fluoride concentrations for imported
bottled water are 1.4 mg/L if no fluoride is added and 0.8 mg/L if fluoride is added (21CFR
165.110[2003]). Fluoride concentrations are required on labels in the United States only if
fluoride is added. Fluoride concentrations listed on labels or in chemical analyses available on
the Internet for various brands range from 0 to 3.6 mg/L (Bartels et al. 2000; Johnson and
2

More recently (2000), CDC has estimated that 850,000 people are served by public water supplies containing
fluoride in excess of 2 mg/L; of these, 152,000 people receive water containing fluoride in excess of 4 mg/L
(unpublished data from CDC as reported in EPA 2003c. Based on analytical data from 16 states, EPA (2003c)
estimates that 1.5-3.3 million people nationally are served by public water supplies with fluoride concentrations
exceeding 2 mg/L; of these 118,000-301,000 people receive water with fluoride concentrations greater than 4 mg/L.
3
High-fluoride municipal waters are generally found in regions that have high fluoride concentrations in the
groundwater or in surface waters. ATSDR (2003) has reviewed fluoride concentrations in environmental media,
including groundwater and surface water. Fleischer (1962) and Fleischer et al. (1974) reported fluoride
concentrations s in groundwater by county for the coterminous United States.
4
The term “bottled water” applies to water intended for human consumption, containing no added ingredients
besides fluoride or appropriate antimicrobial agents; the regulations apply to bottled water, drinking water, artesian
water, artesian well water, groundwater, mineral water, purified water, demineralized water, deionized water,
distilled water, reverse osmosis water, purified drinking water, demineralized drinking water, deionized drinking
water, distilled drinking water, reverse osmosis drinking water, sparkling water, spring water, and well water
(21CFR 165.110[2003]).
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DeBiase 2003; Bottled Water Web 2004); of those without added fluoride, most are below 0.6
mg/L. Most brands appear to list fluoride content only if they are specifically advertising the
fact that their water is fluoridated; fluoride concentrations of these brands range from 0.5 to 0.8
mg/L (for “nursery” or “infant” water) up to 1.0 mg/L. Several reports indicate that fluoride
concentrations obtained from the manufacturer or stated on labels for bottled waters might not be
accurate (Weinberger 1991; Toumba et al. 1994; Bartels et al. 2000; Lalumandier and Ayers
2000; Johnson and DeBiase 2003; Zohouri et al. 2003).
Measured fluoride concentrations in bottled water sold in the United States have varied
from 0 to 1.36 mg/L (Nowak and Nowak 1989; Chan et al. 1990; Stannard et al. 1990; Van
Winkle et al. 1995; Bartels et al. 2000; Lalumandier and Ayers 2000; Johnson and DeBiase
2003). Van Winkle et al. (1995) reported a mean of 0.18 mg/L for 78 commercial bottled waters
in Iowa. Johnson and DeBiase (2003) more recently reported values ranging from 0 to 1.2 mg/L
for 65 bottled waters purchased in West Virginia, with 57 brands having values below 0.6 mg/L.
Measured fluoride concentrations in bottled waters in other countries have similar ranges: 0.054.8 mg/L in Canada (Weinberger 1991), 0.10-0.80 mg/L in the United Kingdom (Toumba et al.
1994), and 0.01-0.37 mg/L more recently in the United Kingdom (Zohouri et al. 2003).5 Bartels
et al. (2000) found significant variation in fluoride concentrations among samples of the same
brand with different bottling dates purchased in the same city. In general, distilled and purified
(reverse osmosis) waters contain very low concentrations of fluoride; drinking water (often from
a municipal tap) and spring water vary with their source, as do mineral waters, which can be very
low or very high in fluoride. Most spring water sold in the United States probably has a low
fluoride content (<0.3 mg/L). Typical fluoride concentrations in various types of drinking water
in the United States are summarized in Table 2-1.
TABLE 2-1 Typical Fluoride Concentrations of Major Types of Drinking Water in the
United States
Source
Municipal water (fluoridated)
Municipal water (naturally fluoridated)
Municipal water (nonfluoridated)
Well water
Bottled water from municipal source
Spring water
Bottled “infant” or “nursery” water
Bottled water with added fluorideb
Distilled or purified water
a
b

5

Range, mg/La
0.7-1.2
0.7-4.0+
<0.7
0-7+
0-1.2
0-1.4 (usually <0.3)
0.5-0.8
0.8-1.0
<0.15

See text for relevant references.
Other than “infant” or “nursery” water.

The European Commission has set a maximum limit of 5.0 mg/L for fluoride in natural mineral waters, effective
January 1, 2008 (EC 2003). In addition, natural mineral waters with a fluoride concentration exceeding 1.5 mg/L
must be labeled with the words “contains more than 1.5 mg/l of fluoride: not suitable for regular consumption by
infants and children under 7 years of age,” and for all natural mineral waters, the actual fluoride content is to be
listed on the label. England has essentially the same requirements (TSO 2004), applicable to all bottled waters
(natural mineral waters, spring water, and bottled drinking water).
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Average per capita ingestion of community or municipal water is estimated to be 927
mL/day (EPA 2000a; see Appendix B6). The estimated 90th percentile of the per capita
ingestion of community water from that survey is 2.016 L/day. Estimated intakes by those
actually consuming community water (excluding people with zero ingestion of community
water) are higher, with a mean of 1.0 L/day and a 90th percentile of 2.069 L/day (EPA 2000a).
Thus, if national estimates of water intake (see Appendix B) are assumed to be valid for the part
of the population with fluoridated water supplies, the intake of fluoride for a person with average
consumption of community water (1 L/day) in a fluoridated area ranges from 0.7 to 1.2 mg/day,
depending on the area. A person with consumption of community water equivalent to the 90th
percentile in that survey (2.069 L/day) would have a fluoride intake between 1.4 and 2.5 mg/day,
from community water alone. Table 2-2 provides examples of fluoride intake by typical and
high consumers of municipal water by age group.
The estimates of water consumption described in Appendix B are in keeping with
recently published “adequate intake” values for total water consumption (including drinking
water, all beverages, and moisture in food; IOM 2004; see Appendix B, Table B-10). Note that
these estimates are national values; the range of values for optimal fluoridation was intended to
account for expected regional differences in water consumption due to regional temperature
differences (see Appendix B). A separate study based on the same data used by EPA (2000a)
found no strong or consistent association between water intake and month or season (Heller et al.
1999). Another recent study of American children aged 1-10 years also found no significant
relationship between water consumption and mean temperature in modern conditions (perhaps
due to artificial temperature regulation) and suggested that the temperature-related guidelines for
fluoride concentrations in drinking water be reevaluated (Sohn et al. 2001).
Actual intakes of fluoride from drinking water by individuals depend on their individual
water intakes, the source or sources of that water, and the use of home water purification or
filtration systems. As described earlier, fluoride concentrations in community water might vary
from their reported concentrations; fluoride content of bottled water also varies considerably
with brand or source, with packaging date for a given brand, and from information (if any) given
on the labels or provided by the manufacturer. Private water sources (e.g., wells and cisterns)
probably are even more variable in fluoride content, with some regions of the country being
especially high and others very low. A number of authors have pointed out the difficulty doctors
and dentists face in ascertaining individual fluoride intakes, just from drinking water (from all
sources), for the purpose of prescribing appropriate fluoride supplementation (Nowak and
Nowak 1989; Chan et al. 1990; Stannard et al. 1990; Levy and Shavlick 1991; Weinberger 1991;
Dillenberg et al. 1992; Jones and Berg 1992; Levy and Muchow 1992; Toumba et al. 1994;
Duperon et al. 1995; Van Winkle et al. 1995; Heller et al. 1999; Bartels et al. 2000; Lalumandier
and Ayers 2000; Johnson and DeBiase 2003; Zohouri et al. 2003).

6

As described more fully in Appendix B, the values from EPA (2000a) are from a short-term survey of more than
15,000 individuals in the United States. Although these values are considered reasonable indicators both of typical
water consumption and of the likely range of water consumption on a long-term basis, they should not be used by
themselves to predict the number of individuals or percentage of the population that consumes a given amount of
water on a long-term basis.

Fluoride Intake
mg/day
mg/kg/day
0.7-1.2
0.012-0.020
0.35-0.6
0.042-0.072
0.25-0.42
0.018-0.031
0.32-0.54
0.016-0.028
0.35-0.6
0.011-0.019
0.56-0.96
0.0084-0.014
0.77-1.3
0.011-0.019
0.84-1.4
0.012-0.020
0.69-1.2
0.011-0.018

d

High Consumersc
Water Consumption
mL/day
mL/kg/day
2,100
33
950
120
700
53
940
45
1,000
33
1,700
26
2,200
32
2,300
32
2,050
32

Fluoride Intaked
mg/day
mg/kg/day
1.5-2.5
0.023-0.040
0.67-1.1
0.084-0.14
0.49-0.84
0.037-0.064
0.66-1.1
0.032-0.054
0.7-1.2
0.023-0.040
1.2-2.0
0.018-0.031
1.5-2.6
0.022-0.038
1.6-2.8
0.022-0.038
1.4-2.5
0.022-0.038

b

Based on consumption data described in Appendix B for people actually consuming community (municipal) water.
Based on a typical consumption rate of community (municipal) water for the age group.
c
Based on a reasonably high (but not upper bound) consumption rate of community (municipal) water for the age group; some individual exposures could be
higher.
d
Based on fluoride concentrations of 0.7-1.2 mg/L.
e
Includes any infant, nursing or nonnursing, who consumes at least some community water; these infants may be fed primarily breast milk, ready-to-feed formula
(to which no water is normally added), or formula prepared from concentrate (which requires addition of water).
f
Women of childbearing age.

a

Typical Consumersb
Water Consumption
Age Group
mL/day
mL/kg/day
U.S. population (total) 1,000
17
All infants (<1 year)e 500
60
Children 1-2 years
350
26
Children 3-5 years
450
23
Children 6-12 years
500
16
Youths 13-19 years
800
12
Adults 20-49 years
1,100
16
Adults 50+ years
1,200
17
Females 13-49 yearsf 980
15

TABLE 2-2 Examples of Fluoride Intake from Consumption of Community (Municipal) Water by People Living in
Fluoridated Areasa
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High Intake Population Subgroups
EPA, in its report to Congress on sensitive subpopulations (EPA 2000b), defines sensitive
subpopulations in terms of either their response (more severe response or a response to a lower
dose) or their exposure (greater exposure than the general population). Hence, it is appropriate
to consider those population subgroups whose water intake is likely to be substantially above the
national average for the corresponding sex and age group. These subgroups include people with
high activity levels (e.g., athletes, workers with physically demanding duties, military
personnel); people living in very hot or dry climates, especially outdoor workers; pregnant or
lactating women; and people with health conditions that affect water intake. Such health
conditions include diabetes mellitus, especially if untreated or poorly controlled; disorders of
water and sodium metabolism, such as diabetes insipidus; renal problems resulting in reduced
clearance of fluoride; and short-term conditions requiring rapid rehydration, such as
gastrointestinal upsets or food poisoning (EPA 2000a). (While the population sample described
in Appendix B [Water Ingestion and Fluoride Intakes] included some of these individuals, the
study did not attempt to estimate means or distributions of intake for these specific subgroups.)
As shown in Appendix B (Tables B-4 to B-9), some members of the U.S. population
could have intakes from community water sources of as much as 4.5-5 L/day (as high as 80
mL/kg/day for adults). Some infants have intakes of community water exceeding 200
mL/kg/day. Heller et al. (1999), using the same data set as EPA (2000a), reported that 21 of
14,640 people (of all ages) had water intakes over 6 standard deviations from the mean (greater
than 249 mL/kg/day). Whyte et al. (2005) describe an adult woman who consistently consumed
1-2 gallons (3.8-7.6 L) of fluid per day (instant tea made with well water); no specific reason for
her high fluid consumption is given.
Fluid requirements of athletes, workers, and military personnel depend on the nature and
intensity of the activity, the duration of the activity, and the ambient temperature and humidity.
Total sweat losses for athletes in various sports can range from 200 to 300 mL/hour to 2,000
mL/hour or more (Convertino et al. 1996; Horswill 1998; Cox et al. 2002; Coyle 2004). Most
recommendations on fluid consumption for athletes are concerned with matching fluid
replacement to fluid losses during the training session or competition to minimize the detrimental
effects of dehydration on athletic performance (Convertino et al. 1996; Horswill 1998; Coris et
al. 2004; Coyle 2004). Depending on the nature of the sport or training session, the ease of
providing fluid, and the comfort of the athlete with respect to content of the gastrointestinal tract,
fluid intake during exercise is often only a fraction (e.g., one-half) of the volume lost, and losses
of 2% of body weight or more might occur during an exercise session in spite of fluid
consumption during the session (Convertino et al. 1996; Cox et al. 2002; Coris et al. 2004; Coyle
2004).
Total daily fluid consumption by athletes generally is not reported; for many athletes, it is
probably on the order of 5% of body weight (50 mL/kg/day) or more to compensate for urinary
and respiratory losses as well as sweat losses. For example, Crossman (2003) described a
professionally prepared diet plan for a major league baseball player that includes 26 cups (6.2 L)
of water or sports drink on a workout day and 19 cups (4.5 L) on an off-day; this is in addition to
9-11 cups (2.1-2.6 L) of milk, fruit juice, and sports drink with meals and scheduled snacks (total
fluid intake of 6.8-8.8 L/day, or 52-67 mL/kg/day for a 132-kg player7). While some players and
7

The player’s weight was obtained from the 2003 roster of the Cleveland Indians baseball team
(http://cleveland.indians.mlb.com).
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teams probably use bottled or distilled water, most (especially at the amateur and interscholastic
levels) probably use local tap water; also, sports drinks might be prepared (commercially or by
individuals) with tap water.
The U.S. Army’s policy on fluid replacement for warm weather training calls for 0.5-1
quart/hour (0.47-0.95 L/hour), depending on the temperature, humidity, and type of work (Kolka
et al. 2003; USASMA 2003). In addition, fluid intake is not to exceed 1.5 quarts/hour (1.4
liter/hour) or 12 quarts/day (11.4 L/day). The Army’s planning factor for individual tap water
consumption ranges from 1.5 gallons/day (5.7 L/day) for temperate conditions to 3.0 gallons/day
(11.4 L/day) for hot conditions (U.S. Army 1983). Hourly intake can range from 0.21 to 0.65 L
depending on the temperature (McNall and Schlegel 1968), and daily intake among physically
active individuals can range from 6 to 11 L (U.S. Army 1983, cited by EPA 1997). Nonmilitary
outdoor workers in hot or dry climates probably would have similar needs.
Water intakes for pregnant and lactating women are listed separately in Appendix B
(Tables B-4 to B-9). Total water intake for pregnant women does not differ greatly from that for
all adult females (Table B-9), while total water consumption by lactating women is generally
higher. For the highest consumers among lactating women, consumption rates approximate
those for athletes and workers (50-70 mL/kg/day).
Diabetes mellitus and diabetes insipidus are both characterized by high water intakes and
urine volumes, among other things (Beers and Berkow 1999; Eisenbarth et al. 2002; Robinson
and Verbalis 2002; Belchetz and Hammond 2003). People with untreated or poorly controlled
diabetes mellitus would be expected to have substantially higher fluid intakes than nondiabetic
members of the population. The American Diabetes Association (2004) estimates that 18.2
million people in the United States (6.3% of the population) have diabetes mellitus and that 5.2
million of these are not aware they have the disease. Other estimates range from 16 to 20 million
people in the United States, with up to 50% undiagnosed (Brownlee et al. 2002; Buse et al.
2002).
Diabetes insipidus, or polyuria, is defined as passage of large volumes of urine, in excess
of about 2 L/m2/day (approximately 150 mL/kg/day at birth, 110 mL/kg/day at 2 years, and 40
mL/kg/day in older children and adults) (Baylis and Cheetham 1998; Cheetham and Baylis
2002). Diabetes insipidus includes several types of disease distinguished by cause, including
both familial and acquired disorders (Baylis and Cheetham 1998; Cheetham and Baylis 2002;
Robinson and Verbalis 2002). Water is considered a therapeutic agent for diabetes insipidus
(Beers and Berkow 1999; Robinson and Verbalis 2002); in addition, some kinds of diabetes
insipidus can be treated by addressing an underlying cause or by administering vasopressin
(antidiuretic hormone) or other agents to reduce polyuria to a tolerable level. The Diabetes
Insipidus Foundation (2004) estimates the number of diabetes insipidus patients in the United
States at between 40,000 and 80,000.
Someone initially presenting with central or vasopressin-sensitive diabetes insipidus
might ingest “enormous” quantities of fluid and may produce 3-30 L of very dilute urine per day
(Beers and Berkow 1999) or up to 400 mL/kg/day (Baylis and Cheetham 1998). Most patients
with central diabetes insipidus have urine volumes of 6-12 L/day (Robinson and Verbalis 2002).
Patients with primary polydipsia might ingest and excrete up to 6 L of fluid per day (Beers and
Berkow 1999). Pivonello et al. (1998) listed water intakes of 5.5-8.6 L/day for six adults with
diabetes insipidus who did not take vasopressin and 1.4-2.5 L/day for 12 adults who used a
vasopressin analogue. An estimated 20% to 40% of patients on lithium therapy have a urine
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volume > 2.5 L/day, and up to 12% have frank nephrogenic diabetes insipidus characterized by a
urine volume > 3 L/day (Mukhopadhyay et al. 2001).
Five papers described dental fluorosis in association with diabetes insipidus or polydipsia
(Table 2-3). Two of the papers described cases of dental fluorosis in the United States resulting
from fluoride concentrations of 1, 1.7, or 2.6 mg/L in drinking water (Juncos and Donadio 1972;
Greenberg et al. 1974). The two individuals drinking water with fluoride at 1.7 and 2.6 mg/L
also had roentgenographic bone changes consistent with “systemic fluorosis”8 (Juncos and
Donadio 1972). These patients and four other renal patients in the U.S. “in whom fluoride may
have been the cause of detectable clinical and roentgenographic effects” were also reported by
Johnson et al. (1979); most of the patients had urine volumes exceeding 3 L/day and drinking
water with fluoride concentrations around 1.7-3 mg/L.
Moderate and severe dental fluorosis have been reported in diabetes insipidus patients in
other countries with drinking water containing fluoride at 0.5 mg/L (Klein 1975) or 1 mg/L
(Seow and Thomsett 1994), and severe dental fluorosis with skeletal fluorosis has been reported
with fluoride at 3.4 mg/L (Mehta et al. 1998). Greenberg et al. (1974) recommended that
children with any disorder that gives rise to polydipsia and polyuria9 be supplied a portion of
their water from a nonfluoridated source.
Table 2-4 provides examples of fluoride intake by members of several population
subgroups characterized by above-average water consumption (athletes and workers, patients
with diabetes mellitus or diabetes insipidus). It should be recognized that, for some groups of
people with high water intakes (e.g., those with a disease condition or those playing indoor
sports such as basketball or hockey), there probably will be little correlation of water intake with
outdoor temperature—such individuals in northern states would consume approximately the
same amounts of water as their counterparts in southern states. However, fluoridation still varies
from state to state (Appendix B), so that some individuals could consume up to 1.7 times as
much as others for the same water intake (1.2 versus 0.7 mg/L).
Background Food
Measured fluoride in samples of human breast milk is very low. Dabeka et al. (1986)
found detectable concentrations in only 92 of 210 samples (44%) obtained in Canada, with
fluoride ranging from <0.004 to 0.097 mg/L. The mean concentration in milk from mothers in
fluoridated communities (1 mg/L in the water) was 0.0098 mg/L; in nonfluoridated communities,
the mean was 0.0044 mg/L). Fluoride concentrations were correlated with the presence of
fluoride in the mother’s drinking water. Spak et al. (1983) reported mean fluoride concentrations
in colostrum of 0.0053 mg/L (0.28 µM/L) in an area in Sweden with fluoride at 0.2 mg/L in
drinking water and 0.0068 mg/L (0.36 µM/L) in an area with fluoride at 1.0 mg/L in the drinking
water; in the fluoridated area, the mean fluoride concentration in mature milk was 0.007 mg/L

8

These two individuals also had impaired renal function, which could have increased their retention of fluoride (see
Chapter 3).
9
Greenberg et al. (1974) listed “central diabetes insipidus, psychogenic water ingestion, renal medullary disease,
including hypercalemic nephropathy, hypokalemic nephropathy and anatomic and vascular disturbances and those
diseases causing solute diuresis” as disorders associated with “excessive” consumption of water and therefore the
possibility of “fluoride toxicity in a community with acceptable fluoride concentration.”

Six cases of familial pituitary
diabetes insipidus
(Australia)
Two brothers with pituitary
diabetes insipidus (ages 17 and 7)
(India)

Mother and four children with
familial pituitary diabetes
insipidus
(Israel)

2 boys (ages 10 and 11) with
familial nephrogenic diabetes
insipidus
(United States)

Study Subjects
(a) 18-year-old boy, 57.4 kg
(b) 17-year-old girl, 45.65 kg
(United States)

Children had average water intake of 8-10
L/day; two of the children lived in
fluoridated areas (1 mg/L)
Well water with fluoride at 3.4 mg/L

Exposure Conditions
(a) “high” intake of well water containing
fluoride at 2.6 mg/L since early childhood;
current intake, 7.6 L/day (0.34 mg/kg/day)
(b) “high” intake of water containing fluoride
at 1.7 mg/L since infancy; current intake, 4
L/day (0.15 mg/kg/day)
Fluoridated communities in the U.S. (1
mg/L); one child since birth, one since age 4;
fluid intake ranged from 2.6 to 6 times
normal daily intake for age (approximately
1.25-3 L/day at time of study)
Water had “lower than accepted” fluoride
content (0.5 mg/L); water consumption by
mother and two teenage daughters (none
used vasopressin) was 10-15 L/day each; two
younger children treated for diabetes
insipidus from ages 3 and 5

Comments
Dental fluorosis and roentgenographic bone
changes consistent with “systemic fluorosis,”
attributed to the combination of renal
insufficiency and polydipsia (the latter
resulting from the renal disease); reported by
the Mayo Clinic
Dental fluorosis; fluoride concentrations in
deciduous teeth (enamel layer 50-100 µm
from surface) 3-6 times those in controls
(normal boys aged 10-14 residing in an area
with fluoride at 1 mg/L)
Dental fluorosis in all four children: severe
in the older two who were not treated for
diabetes insipidus, milder in the two younger
children who were treated for diabetes
insipidus.
Mother also had diabetes insipidus and
fluorosis; she had grown up in Kurdistan
with an unknown water fluoride content
Moderate (one child) or severe (one child)
dental fluorosis in the two children who lived
in fluoridated areas
Severe dental fluorosis, skeletal deformities,
and radiological evidence of skeletal
fluorosis

TABLE 2-3 Case Reports of Fluorosis in Association with Diabetes Insipidus or Polydipsia

Mehta et al.
1998

Seow and
Thomsett 1994

Klein 1975

Greenberg et al.
1974

Reference
Juncos and
Donadio 1972
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Fluoride Intaked
mg/day
mg/kg/day
1.8-3.0
0.035-0.06
2.5-4.2
0.035-0.06
3.5-6.0
0.035-0.06
4.2-7.2
0.035-0.06
0.7-1.2
0.035-0.06
2.5-4.2
0.035-0.06
0.7-1.2
0.035-0.06
2.5-4.2
0.035-0.06

High Consumersc
Water Consumption
mL/day
mL/kg/day
3,500
70
4,900
70
7,000
70
8,400
70
2,000
100
4,900
70
3,000
150
10,500
150

Fluoride Intaked
mg/day
mg/kg/day
2.5-4.2
0.049-0.084
3.4-5.9
0.049-0.084
4.9-8.4
0.049-0.084
5.9-10
0.049-0.084
1.4-2.4
0.07-0.12
3.4-5.9
0.049-0.084
2.1-3.6
0.11-0.18
7.4-13
0.11-0.18

Abbreviations: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus
a
Assumes all drinking water is from fluoridated community (municipal) sources.
b
Based on a typical consumption rate for the population subgroup.
c
Based on a reasonably high (but not upper bound) consumption rate for the population subgroup; some individual exposures could be higher.
d
Based on fluoride concentrations of 0.7-1.2 mg/L.

Typical Consumersb
Water Consumption
Population Subgroup (Weight)
mL/day mL/kg/day
Athletes, workers, military (50 kg) 2,500
50
Athletes, workers, military (70 kg) 3,500
50
Athletes, workers, military (100 kg) 5,000
50
Athletes and workers (120 kg)
6,000
50
DM patients (20 kg)
1,000
50
DM patients (70 kg)
3,500
50
NDI patients (20 kg)
1,000
50
NDI patients (70 kg)
3,500
50

TABLE 2-4 Examples of Fluoride Intake from Drinking Water by Members of Selected Population Subgroups Living in
Fluoridated Areasa
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(0.37 µM/L). No statistically significant difference in milk fluoride concentration between the
two areas was found.
Hossny et al. (2003) reported fluoride concentrations in breast milk of 60 mothers in
Cairo, Egypt, ranging from 0.002 to 0.01 mg/L [0.1-0.6 µM/L; median, 0.0032 mg/L (0.17
µM/L); mean, 0.0046 mg/L (0.24 µM/L)]. Cairo is considered nonfluoridated, with a reported
water fluoride concentration of 0.3 mg/L (Hossny et al. 2003). Opinya et al. (1991) found higher
fluoride concentrations in mothers’ milk (mean, 0.033 mg/L; range, 0.011-0.073 mg/L), but her
study population was made up of mothers in Kenya with an average daily fluoride intake of 22.1
mg. However, even at very high fluoride intakes by mothers, breast milk still contains very low
concentrations of fluoride compared with other dietary fluoride sources. No significant
correlation was established between the fluoride in milk and the intake of fluoride in the Kenyan
study (Opinya et al. 1991).
Cows’ milk likewise contains very low fluoride concentrations, compared with other
dietary sources such as drinking water. Dairy milk samples measured in Houston contained
fluoride at 0.007 to 0.068 mg/L (average, 0.03 mg/L) (Liu et al. 1995). Milk samples in 11
Canadian cities contained 0.007-0.086 mg/L (average, 0.041 mg/L) (Dabeka and McKenzie
1987). A sample of soy milk contained much more fluoride than a sample of dairy milk, with a
measured concentration of 0.491 mg/L (Liu et al. 1995).
Infant formulas vary in fluoride content, depending on the type of formula and the water
with which it is prepared. Dabeka and McKenzie (1987) reported mean fluoride concentrations
in ready-to-use formulas of 0.23 mg/L for formulas manufactured in the United States and 0.90
mg/L for formulas manufactured in Canada. Van Winkle et al. (1995) analyzed 64 infant
formulas, 47 milk-based and 17 soy-based. For milk-based formulas, mean fluoride
concentrations were 0.17 mg/L for ready-to-feed, 0.12 mg/L for liquid concentrates reconstituted
with distilled water, and 0.14 mg/L for powdered concentrates reconstituted with distilled water.
Mean fluoride concentrations for soy-based formulas were 0.30, 0.24, and 0.24 mg/L for readyto-feed, liquid concentrates, and powdered concentrates, respectively (the latter two were
reconstituted with distilled water). Obviously, the fluoride concentration in home-prepared
formula depends on the fluoride concentrations in both the formula concentrate and the home
drinking water. Fomon et al. (2000) have recommended using low-fluoride water to dilute infant
formulas.
Heilman et al. (1997) found 0.01 to 8.38 µg of fluoride per g of prepared infant foods.
The highest concentrations were found in chicken (1.05-8.38 µg/g); other meats varied from 0.01
µg/g (veal) to 0.66 µg/g (turkey). Other foods—fruits, desserts, vegetables, mixed foods, and
cereals—ranged from 0.01 to 0.63 µg/g. The fluoride concentrations in most foods are
attributable primarily to the water used in processing (Heilman et al. 1997); fluoride in chicken is
due to processing methods (mechanical deboning) that leave skin and residual bone particles in
the meat (Heilman et al. 1997; Fein and Cerklewski 2001). An infant consuming 2 oz (about 60
g) of chicken daily at 8 µg of fluoride per g would have an intake of about 0.48 mg (Heilman et
al. 1997).
Tea can contain considerable amounts of fluoride, depending on the type of tea and its
source. Tea plants take up fluoride from soil along with aluminum (Shu et al. 2003; Wong et al.
2003). Leaf tea, including black tea and green tea, is made from the buds and young leaves of
the tea plant, the black tea with a fermentation process, and the green tea without. Oolong tea is
intermediate between black and green tea. Brick tea, considered a low-quality tea, is made from
old (mature) leaves and sometimes branches and fruits of the tea plant (Shu et al. 2003; Wong et
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al. 2003). Fluoride accumulates mostly in the leaves of the tea plant, especially the mature or
fallen leaves. Measured fluoride concentrations in tea leaves range from 170 to 878 mg/kg in
different types of tea, with brick tea generally having 2-4 times as much fluoride as leaf tea
(Wong et al. 2003). Commercial tea brands in Sichuan Province of China ranged from 49 to 105
mg/kg dry weight for green teas and 590 to 708 mg/kg dry weight for brick teas (Shu et al.
2003). Infusions of Chinese leaf tea (15 kinds) made with distilled water have been shown to
have fluoride at 0.6-1.9 mg/L (Wong et al. 2003). Brick teas, which are not common in the
United States, contain 4.8-7.3 mg/L; consumption of brick teas has been associated with
fluorosis in some countries (Wong et al. 2003).
Chan and Koh (1996) measured fluoride contents of 0.34-3.71 mg/L (mean, 1.50 mg/L)
in caffeinated tea infusions (made with distilled, deionized water), 1.01-5.20 mg/L (mean, 3.19
mg/L) in decaffeinated tea infusions, and 0.02-0.15 mg/L (mean, 0.05 mg/L) in herbal tea
infusions, based on 44 brands of tea available in the United States (Houston area). Whyte et al.
(2005) reported fluoride concentrations of 1.0-6.5 mg/L in commercial teas (caffeinated and
decaffeinated) obtained in St. Louis (prepared with distilled water according to label directions).
Warren et al. (1996) found fluoride contents of 0.10-0.58 mg/L in various kinds and brands of
coffee sold in the United States (Houston area), with a slightly lower mean for decaffeinated
(0.14 mg/L) than for caffeinated (0.17 mg/L) coffee. Instant coffee had a mean fluoride content
of 0.30 mg/L (all coffees tested were prepared with deionized distilled water). Fluoride
concentrations of 0.03 mg/L (fruit tea) to 3.35 mg/L (black tea) were reported for iced-tea
products sold in Germany primarily by international companies (Behrendt et al. 2002).
In practice, fluoride content in tea or coffee as consumed will be higher if the beverage is
made with fluoridated water; however, for the present purposes, the contribution from water for
beverages prepared at home is included in the estimated intakes from drinking water, discussed
earlier. Those estimates did not include commercially available beverages such as fruit juices
(not including water used to reconstitute frozen juices), juice-flavored drinks, iced tea beverages,
carbonated soft drinks, and alcoholic beverages. Kiritsy et al. (1996) reported fluoride
concentrations in juices and juice-flavored drinks of 0.02-2.8 mg/L (mean, 0.56 mg/L) for 532
different drinks (including five teas) purchased in Iowa City (although many drinks represented
national or international distribution); frozen-concentrated beverages were reconstituted with
distilled water before analysis. White grape juices had the highest mean fluoride concentration
(1.45 mg/L); upper limits on most kinds of juices exceeded 1.50 mg/L. Stannard et al. (1991)
previously reported fluoride concentrations from 0.15 to 6.80 mg/L in a variety of juices
originating from a number of locations in the United States. The variability in fluoride
concentrations is due primarily to variability in fluoride concentrations in the water used in
manufacturing the product (Kiritsy et al. 1996). The high fluoride content of grape juices (and
grapes, raisins, and wines), even when little or no manufacturing water is involved, is thought to
be due to a pesticide (cryolite) used in grape growing (Stannard et al. 1991; Kiritsy et al. 1996;
Burgstahler and Robinson 1997).
Heilman et al. (1999) found fluoride concentrations from 0.02 to 1.28 mg/L (mean, 0.72
mg/L) in 332 carbonated beverages from 17 production sites, all purchased in Iowa. In general,
these concentrations reflect that of the water used in manufacturing. Estimated mean intakes
from the analyzed beverages were 0.36 mg/day for 2- to 3-year-old children and 0.60 mg/day for
7- to 10-year-olds (Heilman et al. 1999). Pang et al. (1992) estimated mean daily fluoride
intakes from beverages (excluding milk and water) for children of 0.36, 0.54, and 0.60 mg, for
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ages 2-3, 4-6, and 7-10, respectively; daily total fluid intake ranged from 970 to 1,240 mL, and
daily beverage consumption ranged from 585 to 756 mL.
Burgstahler and Robinson (1997) reported fluoride contents of 0.23-2.80 mg/L in
California wines, with 7 of 19 samples testing above 1 mg/L; the fluoride in wine and in
California grapes (0.83-5.20 mg/kg; mean, 2.71 mg/kg) was attributed to the use of cryolite
(Na3AlF6) as a pesticide in the vineyards. Martínez et al. (1998) reported fluoride concentrations
from 0.03 to 0.68 mg/L in wines from the Canary Islands; most fluoride concentrations in the
wines were in the range of 0.10-0.35 mg/L. A maximum legal threshold of 1 mg/L for the
fluoride concentration in wine has been established by the Office International de la Vigne et du
Vin (OIV 1990; cited by Martínez et al. 1998). Warnakulasuriya et al. (2002) reported mean
fluoride concentrations of 0.08-0.71 mg/L in beers available in Great Britain; one Irish beer
contained fluoride at 1.12 mg/L. Examples of fluoride intakes that could be expected in heavy
drinkers (8-12 drinks per day) are given in Table 2-5.
TABLE 2-5 Examples of Fluoride Intakes by Heavy Drinkers from Alcoholic Beverages Alone
Beverage
Beer (12-oz. cans or bottles)
Wine (5-oz. glasses)
Mixed drinks (1.5 oz. liquor + 6.5 oz.
mixer and ice)
a

Fluoride
Concentration, mg/L
0.5
1.0
0.3
1.0
0.7a
1.0a

Fluoride Intake, mg/day
8 drinks per day
12 drinks per day
1.4
2.1
2.8
4.3
0.35
0.53
1.2
1.8
1.1
1.6
1.5
2.3

In carbonated soda and ice.

R.D. Jackson et al. (2002) reported mean fluoride contents from 0.12 µg/g (fruits) to 0.49
µg/g (grain products) in a variety of noncooked, nonreconstituted foods (excluding foods
prepared with water). Fluoride contents in commercial beverages (excluding reconstituted and
fountain beverages) averaged 0.55 µg/g; those in milk and milk products averaged 0.31 µg/g. In
the same study, fluoride contents in water, reconstituted beverages, and cooked vegetables and
grain products (cereals, pastas, soups) differed significantly between two towns in Indiana, one
with a water fluoride content of 0.2 mg/L and one with an optimally fluoridated water supply
(1.0 mg/L). Bottled fruit drinks, water, and carbonated beverages purchased in the two towns
did not differ significantly. The mean daily fluoride ingestion for children 3-5 years old from
food and beverages (including those prepared with community water) was estimated to be 0.454
mg in the low-fluoride town and 0.536 mg in the fluoridated town.
Dabeka and McKenzie (1995) reported mean fluoride contents in various food categories
in Winnipeg, ranging up to 2.1 µg/g for fish, 0.61 µg/g for soup, and 1.15 µg/g for beverages; the
highest single items were cooked veal (1.2 µg/g), canned fish (4.6 µg/g), shellfish (3.4 µg/g),
cooked wheat cereal (1.0 µg/g), and tea (5.0 µg/g). Estimated dietary intakes (including
fluoridated tap water) varied from 0.35 mg/day for children aged 1-4 to 3.0 mg/day for 40- to 64year-old males. Over all ages and both sexes, the estimated average dietary intake of fluoride
was 1.76 mg/day; the food category contributing most to the estimated intake was beverages
(80%).
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Rojas-Sanchez et al. (1999) estimated fluoride intakes for children (aged 16-40 months)
in three communities in Indiana, including a low-fluoride community, a “halo” community (not
fluoridated, but in the distribution area of a fluoridated community), and a fluoridated
community. For fluoride in food, the mean intakes were 0.116-0.146 mg/day, with no significant
difference between communities. Intake from beverages was estimated to be 0.103, 0.257, and
0.396 mg/day for the low-, halo, and high-fluoride communities; differences between the towns
were statistically significant.
Apart from drinking water (direct and indirect consumption, as described earlier), the
most important foods in terms of potential contribution to individual fluoride exposures are
infant formula, commercial beverages such as juice and soft drinks, grapes and grape products,
teas, and processed chicken (Table 2-6). Grapes and grape products, teas, and processed chicken
can be high in fluoride apart from any contribution from preparation or process water.
Commercial beverages and infant formulas, however, greatly depend on the fluoride content of
the water used in their preparation or manufacture (apart from water used in their in-home
preparation); due to widespread distribution, such items could have similar fluoride
concentrations in most communities, on average.
Because of the wide variability in fluoride content in items such as tea, commercial
beverages and juices, infant formula, and processed chicken, and the possibility of a substantial
contribution to an individual’s total fluoride intake, a number of authors have suggested that such
fluoride sources be considered in evaluating an individual’s need for fluoride supplementation

TABLE 2-6 Summary of Typical Fluoride Concentrations of Selected Food and Beverages in
the United States
Source
Human breast milk
Fluoridated area (1 mg/L)
Nonfluoridated area
Cow’s milk
Soy milk
Milk-based infant formulaa
Soy-based infant formulaa
Infant food—chicken
Infant food—other
Teaa
Herbal teaa
Coffeea
Grape juicea
Other juices and juice drinksa
Grapes
Carbonated beverages
Wine
Beer
a

Range, mg/L

Range, mg/kg

0.007-0.01
0.004
≤0.07
0.5
≤0.2
0.2-0.3
—
—
0.3-5
0.02-0.15
0.1-0.6
≤3
≤1.5
—
0.02-1.3
0.2-3
0.08-1

—
—
—
—
—
—
1-8
0.01-0.7
—
—
—
—
—
0.8-5
—
—
—

Not including contribution from local tap water.

34

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

(Clovis and Hargreaves 1988; Stannard et al. 1991; Chan and Koh 1996; Kiritsy et al. 1996;
Warren et al. 1996; Heilman et al. 1997, 1999; Levy and Guha-Chowdhury 1999), especially for
individuals who regularly consume large amounts of a single product (Stannard et al. 1991;
Kiritsy et al. 1996). Several authors also point out the difficulty in evaluating individual fluoride
intake, given the wide variability of fluoride content among similar items (depending on point of
origin, etc.), the wide distribution of many products, and the lack of label or package information
about fluoride content for most products (Stannard et al. 1991; Chan and Koh 1996; Behrendt et
al. 2002).
Dental Products and Supplements
Fluoridated dental products include dentifrices (toothpastes, powders, liquids, and other
preparations for cleaning teeth) for home use and various gels and other topical applications for
use in dental offices. More than 90% of children ages 2-16 years surveyed in 1983 or 1986 used
fluoride toothpaste (Wagener et al. 1992). Of these children, as many as 15% to 20% in some
age groups also used fluoride supplements or mouth rinses (Wagener et al. 1992). Using the
same 1986 survey data, Nourjah et al. (1994) reported that most children younger than 2 years of
age used fluoride dentifrices.
Most toothpaste sold in the United States contains fluoride (Newbrun 1992), usually
1,000-1,100 parts per million (ppm) (0.1-0.11%).10 The amount of fluoride actually swallowed
by an individual depends on the amount of toothpaste used, the swallowing control of the person
(especially for young children), and the frequency of toothpaste use. Ophaug et al. (1980, 1985)
estimated the intake of fluoride by small children (2-4 years) to be 0.125-0.3 mg per brushing; a
2-year-old child brushing twice daily would ingest nearly as much fluoride from the toothpaste
as from food and fluoridated drinking water combined (Ophaug et al. 1985). Levy and Zarei-M
(1991) reported estimates of 0.12-0.38 mg of fluoride ingested per brushing. Burt (1992) and
Newbrun (1992) reported estimates of 0.27 mg/day for a preschool child brushing twice daily
with standard-strength (1,000 ppm) toothpaste.
Levy (1993, 1994) and Levy et al. (1995a) reviewed a number of studies of the amount of
toothpaste people of various ages ingest. Amounts of toothpaste used per brushing range from
0.2 to 5 g, with means around 0.4-2 g, depending on the age of the person. The estimated mean
percentage of toothpaste ingested ranges from 3% in adults to 65% in 2-year-olds. Children who
did not rinse after toothbrushing ingested 75% more toothpaste than those who rinsed. Perhaps
20% of children have fluoride intakes from toothpaste several times greater than the mean
values, and some children probably get more than the recommended amount of fluoride from
toothpaste alone, apart from food and beverages (Levy 1993, 1994). Mean intakes of toothpaste
by adults were measured at 0.04 g per brushing (0.04 mg of fluoride per brushing for toothpaste
with 0.1% fluoride), with the 90th percentile at 0.12 g of toothpaste (0.12 mg of fluoride) per
brushing (Barnhart et al. 1974).
Lewis and Limeback (1996) estimated the daily intake of fluoride from dentifrice
(products for home use) to be 0.02-0.06, 0.008-0.02, 0.0025, and 0.001 mg/kg, for ages 7 months
to 4 years, 5-11 years, 12-19 years, and 20+ years, respectively. Rojas-Sanchez et al. (1999)
10

Equivalent to 1-1.1 mg fluoride ion per gram of toothpaste. This may be expressed in various ways on the
package, e.g., as 0.24% or 0.243% sodium fluoride (NaF), 0.76% or 0.8% monofluorophosphate (Na2PO3F), or
0.15% w/v fluoride (1.5 mg fluoride ion per cubic centimeter of toothpaste).
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estimated fluoride intake from dentifrice at between 0.42 and 0.58 mg/day in children aged 16-40
months in three communities in Indiana. Children tend to use more toothpaste when provided
special “children’s” toothpaste than when given adult toothpaste (Levy et al. 1992; Adair et al.
1997), and many children do not rinse or spit after brushing (Naccache et al. 1992; Adair et al.
1997).
Estimates of typical fluoride ingestion from toothpaste are given by age group in Table 27; these estimates are for typical rather than high or upper-bound intakes, and many individuals
could have substantially higher intakes. A number of papers have suggested approaches to
decreasing children’s intake of fluoride from toothpaste, including decreasing the fluoride
content in children’s toothpaste, discouraging the use of fluoride toothpaste by children less than
2 years old, avoiding flavored children’s toothpastes, encouraging the use of very small amounts
of toothpaste, encouraging rinsing and expectorating (rather than swallowing) after brushing, and
recommending careful parental supervision (e.g., Szpunar and Burt 1990; Levy and Zarei-M
1991; Simard et al. 1991; Burt 1992; Levy et al. 1992, 1993, 1997, 2000; Naccache et al. 1992;
Newbrun 1992; Levy 1993, 1994; Bentley et al. 1999; Rojas-Sanchez et al. 1999; Warren and
Levy 1999; Fomon et al. 2000).
TABLE 2-7 Estimated Typical Fluoride Intakes from Toothpastea
Age Group, years
Infants < 0.5b
Infants 0.5-1
Children 1-2
Children 3-5
Children 6-12
a

Fluoride Intake, mg/day
0
0.1
0.15
0.25
0.3

Age Group, years
Youth 13-19
Adults 20-49
Adults 50+
Females 13-49c

Fluoride Intake, mg/day
0.2
0.1
0.1
0.1

Based on information reviewed by Levy et al. (1995a). Estimates assume two brushings per day with fluoride
toothpaste (0.1% fluoride) and moderate rinsing.
b
Assumes no brushing before 6 months of age.
c
Women of childbearing age.

Topical applications of fluoride in a professional setting can lead to ingestion of 1.3-31.2
mg (Levy and Zarei-M 1991). Substantial ingestion of fluoride also has been demonstrated from
the use of fluoride mouth rinse and self-applied topical fluoride gel (Levy and Zarei-M 1991).
Heath et al. (2001) reported that 0.3-6.1 mg of fluoride (5-29% of total applied) was ingested by
young adults who used gels containing 0.62-62.5 mg of fluoride.
Levy et al. (2003a) found that two-thirds of children had at least one fluoride treatment
by age 6 and that children with dental caries were more likely to have had such a treatment.
Their explanation is that professional application of topical fluoride is used mostly for children
with moderate to high risk for caries. In contrast, Eklund et al. (2000), in a survey of insurance
claims for more than 15,000 Michigan children treated by 1,556 different dentists, found no
association between the frequency of use of topical fluoride (professionally applied) and
restorative care. Although these were largely low-risk children, for whom routine use of
professionally applied fluoride is not recommended, two-thirds received topical fluoride at nearly
every office visit. The authors recommended that the effectiveness of professionally applied
topical fluoride products in modern clinical practice be evaluated.
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Exposures from topical fluorides during professional treatment are unlikely to be
significant contributors to chronic fluoride exposures because they are used only a few times per
year. However, they could be important with respect to short-term or peak exposures.
Heath et al. (2001) found that retention of fluoride ion in saliva after the use of dentifrice
(toothpaste, mouthrinse, or gel) was proportional to the quantity used, at least for young adults.
They were concerned with maximizing the retention in saliva to maximize the topical benefit of
the fluoride. Sjögren and Melin (2001) were also concerned about enhancing the retention of
fluoride in saliva and recommend minimal rinsing after toothbrushing. However, fluoride in
saliva eventually will be ingested, so enhancing the retention of fluoride in saliva after dentifrice
use also enhances the ingestion of fluoride from the dentifrice.
Fluoride supplements (NaF tablets, drops, lozenges, and rinses) are intended for
prescriptions for children in low-fluoride areas; dosages generally range from 0.25 to 1.0 mg of
fluoride/day (Levy 1994; Warren and Levy 1999). Appropriate dosages should be based on age,
risk factors (e.g., high risk for caries), and ingestion of fluoride from other sources (Dillenberg et
al. 1992; Jones and Berg 1992; Levy and Muchow 1992; Levy 1994; Warren and Levy 1999).
Although compliance is often considered to be a problem, inappropriate use of fluoride
supplements has also been identified as a risk factor for dental fluorosis (Dillenberg et al. 1992;
Levy and Muchow 1992; Levy 1994; Pendrys and Morse 1995; Warren and Levy 1999).
The dietary fluoride supplement schedule in the United States, as revised in 1994 by the
American Dental Association, now calls for no supplements for children less than 6 months old
and none for any child whose water contains at least 0.6 mg/L (Record et al. 2000; ADA 2005;
Table 2-8). Further changes in recommendations for fluoride supplements have been suggested
(Fomon and Ekstrand 1999; Newbrun 1999; Fomon et al. 2000), including dosages based on
individual body weight rather than age (Adair 1999) and the use of lozenges to be sucked rather
than tablets to be swallowed (Newbrun 1999), although others disagree (Moss 1999). The
Canadian recommendations for fluoride supplementation include an algorithm for determining
the appropriateness for a given child and then a schedule of doses; no supplementation is
recommended for children whose water contains at least 0.3 mg/L or who are less than 6 months
old (Limeback et al. 1998; Limeback 1999b).
TABLE 2-8 Dietary Fluoride Supplement Schedule of 1994
Age
Birth to 6 months
6 months to 3 years
3-6 years
6-16 years

Fluoride Concentration in Drinking Water, mg/L
< 0.3
0.3-0.6
None
None
0.25 mg/day
None
0.50 mg/day
0.25 mg/day
1.0 mg/day
0.50 mg/day

> 0.6
None
None
None
None

Source: ADA 2005. Reprinted with permission; copyright 2004, American Dental Association.
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Fluoride in Air
Fluoride (either as hydrogen fluoride, particulate fluorides, or fluorine gas) is released to
the atmosphere by natural sources such as volcanoes11 and by a number of anthropogenic
sources. In North America, anthropogenic sources of airborne fluoride include coal combustion
by electrical utilities and other entities, aluminum production plants, phosphate fertilizer plants,
chemical production facilities, steel mills, magnesium plants, and manufacturers of brick and
structural clay (reviewed by ATSDR 2003). Estimated airborne releases of hydrogen fluoride in
the United States in 2001 were 67.4 million pounds (30.6 million kg; TRI 2003), of which at
least 80% was attributed to electrical utilities (ATSDR 2003). Airborne releases of fluorine gas
totaled about 9,000 pounds or 4,100 kg (TRI 2003). Anthropogenic hydrogen fluoride emissions
in Canada in the mid-1990s were estimated at 5,400 metric tons (5.4 million kg or 11.9 million
pounds), of which 75% was attributed to primary aluminum producers (CEPA 1996).
Measured fluoride concentrations in air in the United States and Canada typically range
from 0.01 to 1.65 µg/m3, with most of it (75%) present as hydrogen fluoride (CEPA 1996). The
highest concentrations (>1 µg/m3) correspond to urban locations or areas in the vicinity of
industrial operations. Historically, concentrations ranging from 2.5-14,000 µg/m3 have been
reported near industrial operations in various countries (reviewed by EPA 1988). Ernst et al.
(1986) reported an average concentration of airborne fluoride of about 600 µg/m3 during the
1981 growing season in a rural inhabited area (Cornwall Island) on the U.S.-Canadian border
directly downwind from an aluminum smelter. Hydrogen fluoride is listed as a hazardous air
pollutant in the Clean Air Act Amendments of 1990 (reviewed by ATSDR 2003), and as such its
emissions are subject to control based on “maximum achievable control technology” emission
standards. Such standards are already in effect for fluoride emissions from primary and
secondary aluminum production, phosphoric acid manufacture and phosphate fertilizer
production, and hydrogen fluoride production (ATSDR 2003).
For most individuals in the United States, exposure to airborne fluoride is expected to be
low compared with ingested fluoride (EPA 1988); exceptions include people in heavily
industrialized areas or having occupational exposure. Assuming inhalation rates of 10 m3/day
for children and 20 m3/day for adults, fluoride exposures from inhalation in rural areas (<0.2
µg/m3 fluoride) would be less than 2 µg/day (0.0001-0.0002 mg/kg/day) for a child and 4 µg/day
(0.00006 mg/kg/day) for an adult. In urban areas (<2 µg/m3), fluoride exposures would be less
than 20 µg/day (0.0001-0.002 mg/kg/day) for a child and 40 µg/day (0.0006 mg/kg/day) for an
adult. Lewis and Limeback (1996) used an estimate of 0.01 µg/kg/day (0.00001 mg/kg/day) for
inhaled fluoride for Canadians; this would equal 0.1 µg/day for a 10-kg child or 0.7 µg/day for a
70-kg adult.
Occupational exposure at the Occupational Safety and Health Administration (OSHA)
exposure limit of 2.5 mg/m3 would result in a fluoride intake of 16.8 mg/day for an 8-hour
working day (0.24 mg/kg/day for a 70-kg person) (ATSDR 2003). Heavy cigarette smoking
could contribute as much as 0.8 mg of fluoride per day to an individual (0.01 mg/kg/day for a 70kg person) (EPA 1988).

11

Volcanic activity historically has been a major contributor of HF and other contaminants to the atmosphere in
some parts of the world, with some volcanoes emitting 5 tons of HF per day (Nicaragua) or as much as 15 million
tons during a several month eruption (Iceland) (Durand and Grattan 2001; Grattan et al. 2003; Stone 2004).
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Fluoride in Soil
Fluoride in soil could be a source of inadvertent ingestion exposure, primarily for
children. Typical fluoride concentrations in soil in the United States range from very low (<10
ppm) to as high as 3% to 7% in areas with high concentrations of fluorine-containing minerals
(reviewed by ATSDR 2003). Mean or typical concentrations in the United States are on the
order of 300-430 ppm. Soil fluoride content may be higher in some areas due to use of fluoridecontaining phosphate fertilizers or to deposition of airborne fluoride released from industrial
operations.
Estimated values for inadvertent soil ingestion by children (excluding those with pica) are
100 mg/day (mean) and 400 mg/day (upper bound) (EPA 1997); the estimated mean value for
soil ingestion by adults is 50 mg/day (EPA (1997). For a typical fluoride concentration in soil of
400 ppm, therefore, estimated intakes of fluoride by children would be 0.04 (mean) to 0.16
mg/day (upper bound) and by adults, 0.02 mg/day. For a 20-kg child, the mass-normalized
intake would be 0.002-0.008 mg/kg/day; for a 70-kg adult, the corresponding value would be
0.0003 mg/kg/day. Erdal and Buchanan (2005) estimated intakes of 0.0025 and 0.01 mg/kg/day
for children (3-5 years), for mean and reasonable maximum exposures, respectively, based on a
fluoride concentration in soil of 430 ppm. In their estimates, fluoride intake from soil was 5-9
times lower than that from fluoridated drinking water.
For children with pica (a condition characterized by consumption of nonfood items such
as dirt or clay), an estimated value for soil ingestion is 10 g/day (EPA 1997). For a 20-kg child
with pica, the fluoride intake from soil containing fluoride at 400 ppm would be 4 mg/day or 0.2
mg/kg/day. Although pica in general is not uncommon among children, the prevalence is not
known (EPA 1997). Pica behavior specifically with respect to soil or dirt appears to be relatively
rare but is known to occur (EPA 1997); however, fluoride intake from soil for a child with pica
could be a significant contributor to total fluoride intake. For most children and for adults,
fluoride intake from soil probably would be important only in situations in which the soil
fluoride content is high, whether naturally or due to industrial pollution.
Pesticides
Cryolite and sulfuryl fluoride are the two pesticides that are regulated for their
contribution to the residue of inorganic fluoride in foods. For food use pesticides, EPA
establishes a tolerance for each commodity to which a pesticide is allowed to be applied.
Tolerance is the maximum amount of pesticide allowed to be present in or on foods. In the
environment, cryolite breaks down to fluoride, which is the basis for the safety evaluation of
cryolite and synthetic cryolite pesticides (EPA 1996a). Fluoride ions are also degradation
products of sulfuryl fluoride (EPA 1992). Thus, the recent evaluation of the dietary risk of
sulfuryl fluoride use on food takes into account the additional exposure to fluoride from cryolite
(EPA 2004). Sulfuryl fluoride is also regulated as a compound with its own toxicologic
characteristics.
Cryolite, sodium hexafluoroaluminate (Na3AlF6), is a broad spectrum insecticide that has
been registered for use in the United States since 1957. Currently, it is used on many food (tree
fruits, berries, and vegetables) and feed crops, and on nonfood ornamental plants (EPA 1996a).
The respective fluoride ion concentrations from a 200 ppm aqueous synthetic cryolite (97.3%
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pure) at pH 5, 7, and 9 are estimated at 16.8, 40.0, and 47.0 ppm (approximately 15.5%, 37%,
and 43% of the total available fluorine) (EPA 1996a). A list of tolerances for the insecticidal
fluorine compounds cryolite and synthetic cryolite is published in the Code of Federal
Regulations (40 CFR § 180.145(a, b, c) [2004]). Current tolerances for all commodities are at 7
ppm.
Sulfuryl fluoride (SO2F2), is a structural fumigant registered for use in the United States
since 1959 for the control of insects and vertebrate pests. As of January 2004, EPA published a
list of tolerances for sulfuryl fluoride use as a post-harvest fumigant for grains, field corn, nuts,
and dried fruits (69 Fed. Reg. 3240 [2004]; 40 CFR 180.575(a) [2004]). The calculated exposure
threshold at the drinking water MCL of 4 mg/L was used as the basis for assessing the human
health risk associated with these decisions (EPA 2004).
Concerns were raised that foods stored in the freezer during sulfuryl fluoride residential
fumigation might retain significant amounts of fluoride residue. Scheffrahn et al. (1989)
reported that unsealed freezer foods contained fluoride at as high as 89.7 ppm (flour, at 6,803
mg-hour/L rate of sulfuryl fluoride application) while no fluoride residue was detected (0.8 ppm
limit of detection) in foods that were sealed with polyethylene film. A later study reported
fluoride residue above 1 ppm in food with higher fat contents (e.g., 5.643 ppm in margarine) or
that was improperly sealed (e.g., 7.66 ppm in a reclosed peanut butter PETE [polyethylene
terephthalate] jar) (Scheffrahn et al. 1992).
Dietary exposure for a food item is calculated as the product of its consumption
multiplied by the concentration of the residue of concern. The total daily dietary exposure for an
individual is the sum of exposure from all food items consumed in a day. A chronic dietary
exposure assessment of fluoride was recently conducted for supporting the establishment of
tolerances for the post-harvest use of sulfuryl fluoride. EPA (2004) used the Dietary Exposure
Evaluation Model (DEEM-FCID), a computation program, to estimate the inorganic fluoride
exposure from cryolite, sulfuryl fluoride, and the background concentration of fluoride in foods.
DEEM-FCID (Exponent, Inc) uses the food consumption data from the 1994-1996 and 1998
Continuing Survey of Food Intakes by Individuals (CSFII) conducted by the U.S. Department of
Agriculture (USDA). The 1994-1996 database consists of food intake diaries of more than
15,000 individuals nationwide on two nonconsecutive days. A total of 4,253 children from birth
to 9 years of age are included in the survey. To ensure that the eating pattern of young children
is adequately represented in the database, an additional survey was conducted in 1998 of 5,559
children 0-9 years of age. The latter survey was designed to be compatible with the CSFII 19941996 data so that the two sets of data can be pooled to increase the sample size for children. The
Food Commodity Intake Database (FCID) is jointly developed by EPA and USDA for the
purpose of estimating dietary exposure from pesticide residues in foods. It is a translated version
of the CSFII data that expresses the intake of consumed foods in terms of food commodities
(e.g., translating apple pie into its ingredients, such as apples, flour, sugar, etc.) (EPA 2000c).
All foods and food forms (e.g., grapes—fresh, cooked, juice, canned, raisins, wine) with
existing tolerances for cryolite and sulfuryl fluoride were included in the recent EPA fluoride
dietary exposure analysis (EPA 2004). For the analysis of fluoride exposure from cryolite,
residue data taken from monitoring surveys, field studies, and at tolerance were adjusted to
reflect changes in concentration during food processing (e.g., mixing in milling, dehydration, and
food preparation). For the fluoride exposure from post-harvest treatment with sulfuryl fluoride,
the measured residues are used without further adjustment except for applying drawdown factors
in grain mixing (EPA 2004). In estimating fluoride exposure from both cryolite- and sulfuryl
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fluoride-treated foods, residue concentrations were adjusted for the percentage of crop treated
with these pesticides based on the information from market share and agricultural statistics on
pesticide use.
Fluoride exposures from a total of 543 forms of foods (e.g., plant-based, bovine, poultry,
egg, tea) containing fluoride were also estimated as the background food exposure. Residue data
were taken from surveys and residue trials (EPA 2004). No adjustments were made to account
for residue concentration through processing or dehydration. Theoretically, the exposure from
some processed foods (e.g., dried fruits) could potentially be higher than if their residue
concentrations were assumed to be the same as in the fresh commodities (e.g., higher exposure
from higher residue in dried fruits than assuming same residue concentration for both dried and
fresh fruits.) However, these considerations are apparently offset by the use of higher residue
concentrations for many commodities (e.g., using the highest values from a range of survey data,
the highest value as surrogate for when data are not available, assuming residue in dried fruits
and tree nuts at one-half the limit of quantification when residue is not detected) such that the
overall dietary exposure was considered overestimated (EPA 2004). The dietary fluoride
exposure thus estimated ranged from 0.0003 to 0.0031 mg/kg/day from cryolite, 0.0003 to
0.0013 mg/kg/day from sulfuryl fluoride, and 0.005 to 0.0175 mg/kg/day from background
concentration in foods (EPA 2004). Fine-tuning the dietary exposure analysis using the
comprehensive National Fluoride Database recently published by USDA (2004) for many foods
also indicates that the total background food exposure would not be significantly different from
the analysis by EPA, except for the fluoride intake from tea. A closer examination of the residue
profile used by EPA (2004) for background food exposure analysis reveals that 5 ppm,
presumably a high end fluoride concentration in brewed tea, was entered in the residue profile
that called for fluoride concentration in powdered or dried tea. According to the USDA survey
database (2004), the highest detected fluoride residue in instant tea powder is 898.72 ppm. The
corrected exposure estimate is presented in the section “Total Exposure to Fluoride” later in this
chapter.
Fluorinated Organic Chemicals
Many pharmaceuticals, consumer products, and pesticides contain organic fluorine (e.g.,
–CF3, –SCF3, –OCF3). Unlike chlorine, bromine, and iodine, organic fluorine is not as easily
displaced from the alkyl carbon and is much more lipophilic than the hydrogen substitutes
(Daniels and Jorgensen 1977; PHS 1991). The lipophilic nature of the trifluoromethyl group
contribute to the enhanced biological activity of some pharmaceutical chemicals.
The toxicity of fluorinated organic chemicals usually is related to their molecular
characteristics rather than to the fluoride ions metabolically displaced. Fluorinated organic
chemicals go through various degrees of biotransformation before elimination. The metabolic
transformation is minimal for some chemicals. For example, the urinary excretion of
ciprofloxacin (fluoroquinolone antibacterial agent) consists mainly of the unchanged parent
compound or its fluorine-containing metabolites (desethylene-, sulfo-, oxo-, and N-formyl
ciprofloxacin) (Bergan 1989). Nevertheless, Pradhan et al. (1995) reported an increased serum
fluoride concentration from 4 µM (0.076 ppm) to 11 µM (0.21 ppm) in 19 children from India (8
months to 13 years old) within 12 hours after the initial oral dose of ciprofloxacin at 15-25
mg/kg. The presumed steady state (day 7 of repeated dosing) 24-hour urinary fluoride
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concentration was 15.5% higher than the predosing concentration (59 µM versus 51 µM; or, 1.12
ppm versus 0.97 ppm). Another example of limited contribution to serum fluoride concentration
from pharmaceuticals was reported for flecainide, an antiarrhythmic drug. The peak serum
fluoride concentration ranged from 0.0248 to 0.0517 ppm (1.3 to 2.7 µM) in six healthy subjects
(26-54 years old, three males, and three females) 4.5 hours after receiving a single oral dose of
100 mg of flecainide acetate (Rimoli et al. 1991). One to two weeks before the study, the
subjects were given a poor fluoride diet, used toothpaste without fluoride, and had low fluoride
(0.08 mg/L) in their drinking water.
Other fluoride-containing organic chemicals go through more extensive metabolism that
results in greater increased bioavailability of fluoride ion. Elevated serum fluoride
concentrations from fluorinated anesthetics have been extensively studied because of the
potential nephrotoxicity of methoxyflurane in association with elevated serum fluoride
concentrations beyond a presumed toxicity benchmark of 50 µM (Cousins and Mazze 1973;
Mazze et al. 1977). A collection of data on peak serum fluoride ion concentrations from
exposures to halothane, enflurane, isoflurane, and sevoflurane is given in Appendix B. These
data serve to illustrate a wide range of peak concentrations associated with various use
conditions (e.g., length of use, minimum alveolar concentration per hour), biological variations
(e.g., age, gender, obesity, smoking), and chemical-specific characteristics (e.g.,
biotransformation pattern and rates). It is not clear how these episodically elevated serum
fluoride ion concentrations contribute to potential adverse effects of long-term sustained
exposure to inorganic fluoride from other media, such as drinking water, foods, and dental care
products.
Elevated free fluoride ion (< 2% of administered dose) also was detected in the plasma
and urine of some patients after intravenous administration of fluorouracil (Hull et al. 1988).
Nevertheless, the major forms of urinary excretion were still the unchanged parent compound
and its fluorine-containing metabolites (dihydrofluorouracil, α-fluoro-β-ureidopropanoic acid, αfluoro-β-alanine). The extent of dermal absorption of topical fluorouracil cream varies with skin
condition, product formulation, and the conditions of use. Levy et al. (2001a) reported less than
3% systemic fluorouracil absorption in patients treated with 0.5% or 5% cream for actinic
keratosis.
A group of widely used consumer products is the fluorinated telomers and
polytetrafluoroethylene, or Teflon. EPA is in the process of evaluating the environmental
exposure to low concentrations of perfluorooctanoic acid (PFOA) and its principal salts that are
used in manufacturing fluoropolymers or as their breakdown products (EPA 2003b). PFOA is
persistent in the environment. It is readily absorbed through oral and inhalation exposure and is
eliminated in urine and feces without apparent biotransformation (EPA 2003b; Kudo and
Kawashima 2003). Unchanged plasma and urine fluoride concentrations in rats that received
intraperitoneal injections of PFOA also indicated a lack of defluorination (Vanden Heuvel et al.
1991). (See Chapter 3 for more discussion of PFOA.)
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Aluminofluorides, Beryllofluorides, and Fluorosilicates
Aluminofluorides and Beryllofluorides
Complexes of aluminum and fluoride (aluminofluorides, most often AlF3 or AlF4-) or
beryllium and fluoride (beryllofluorides, usually as BeF3-) occur when the two elements are
present in the same environment (Strunecka and Patocka 2002). Fluoroaluminate complexes are
the most common forms in which fluoride can enter the environment. Eight percent of the
earth’s crust is composed of aluminum; it is the most abundant metal and the third most abundant
element on earth (Liptrot 1974). The most common form for the inorganic salt of aluminum and
fluoride is cryolite (Na3AlF6). In fact, of the more than 60 metals on the periodic chart, Al3+
binds fluoride most strongly (Martin 1988). With the increasing prevalence of acid rain, metal
ions such as aluminum become more soluble and enter our day-to-day environment; the
opportunity for bioactive forms of AlF to exist has increased in the past 100 years. Human
exposure to aluminofluorides can occur when a person ingests both a fluoride source (e.g.,
fluoride in drinking water) and an aluminum source; sources of human exposure to aluminum
include drinking water, tea, food residues, infant formula, aluminum-containing antacids or
medications, deodorants, cosmetics, and glassware (ATSDR 1999; Strunecka and Patocka 2002;
Li 2003; Shu et al. 2003; Wong et al. 2003). Aluminum in drinking water comes both from the
alum used as a flocculant or coagulant in water treatment and from leaching of aluminum into
natural water by acid rain (ATSDR 1999; Li 2003). Exposure specifically to aluminofluoride
complexes is not the issue so much as the fact that humans are routinely exposed to both
elements. Human exposure to beryllium occurs primarily in occupational settings, in the vicinity
of industrial operations that process or use beryllium, and near sites of beryllium disposal
(ATSDR 2002).
Aluminofluoride and beryllofluoride complexes appear to act as analogues of phosphate
groups—for example, the terminal phosphate of guanidine triphosphate (GTP) or adenosine
triphosphate (ATP) (Chabre 1990; Antonny and Chabre 1992; Caverzasio et al. 1998; Façanha
and Okorokova-Façanha 2002; Strunecka and Patocka 2002; Li 2003). Thus, aluminofluorides
might influence the activity of a variety of phosphatases, phosphorylases, and kinases, as well as
the G proteins involved in biological signaling systems, by inappropriately stimulating or
inhibiting normal function of the protein (Yatani and Brown 1991; Caverzasio et al. 1998;
Façanha and Okorokova-Façanha 2002; Strunecka and Patocka 2002; Li 2003).
Aluminofluoride complexes have been reported to increase the concentrations of second
messenger molecules (e.g., free cytosolic Ca2+, inositol 1,4,5-trisphosphate, and cyclic AMP) for
many bodily systems (Sternweis and Gilman 1982; Strunecka et al. 2002; Li 2003). The
increased toxicity of beryllium in the presence of fluoride and vice versa was noted as early as
1949 (Stokinger et al. 1949). For further discussion of aluminofluorides, see Chapters 5 and 7.
Further research should include characterization of both the exposure conditions and the
physiological conditions (for fluoride and for aluminum or beryllium) under which
aluminofluoride and beryllofluoride complexes can be expected to occur in humans as well as
the biological effects that could result.

MEASURES OF EXPOSURE TO FLUORIDE IN THE UNITED STATES

43

Fluorosilicates
Most fluoride in drinking water is added in the form of fluosilicic acid (fluorosilicic acid,
H2SiF6) or the sodium salt (sodium fluosilicate, Na2SiF6), collectively referred to as
fluorosilicates (CDC 1993). Of approximately 10,000 fluoridated water systems included in the
CDC’s 1992 fluoridation census, 75% of them (accounting for 90% of the people served) used
fluorosilicates. This widespread use of silicofluorides has raised concerns on at least two levels.
First, some authors have reported an association between the use of silicofluorides in community
water and elevated blood concentrations of lead in children (Masters and Coplan 1999; Masters
et al. 2000); this association is attributed to increased uptake of lead (from whatever source) due
to incompletely dissociated silicofluorides remaining in the drinking water (Masters and Coplan
1999; Masters et al. 2000) or to increased leaching of lead into drinking water in systems that use
chloramines (instead of chlorine as a disinfectant) and silicofluorides (Allegood 2005; Clabby
2005; Maas et al. 2005).12,13 Macek et al. (2006) have also compared blood lead concentrations
in children by method of water fluoridation; they stated that their analysis did not support an
association between blood lead concentrations and silicofluorides, but also could not refute it,
especially for children living in older housing. Second, essentially no studies have compared the
toxicity of silicofluorides with that of sodium fluoride, based on the assumption that the
silicofluorides will have dissociated to free fluoride before consumption (see also Chapter 7).
Use of more sophisticated analytical techniques such as nuclear magnetic resonance has
failed to detect any silicon- and fluorine-containing species other than hexafluorosilicate ion
(SiF62-) (Urbansky 2002; Morris 2004). In drinking water at approximately neutral pH and
typical fluoride concentrations, all the silicofluoride appears to be dissociated entirely to silicic
acid [Si(OH)4], fluoride ion, and HF (Urbansky 2002; Morris 2004); any intermediate species
either exist at extremely low concentrations or are highly transient. SiF62- would be present only
under conditions of low pH (pH < 5; Urbansky 2002; Morris 2004) and high fluoride
concentration (above 16 mg/L according to Urbansky [2002]; at least 1 g/L to reach detectable
levels of SiF62-, according to Morris [2004]). Urbansky (2002) also stated that the silica
contribution from the fluoridating agent is usually trivial compared with native silica in the
water; therefore, addition of any fluoridating agent (or the presence of natural fluoride) could
result in the presence of SiF62- in any water if other conditions (low pH and high total fluoride
concentration) are met. Both Urbansky (2002) and Morris (2004) indicate that other substances
in the water, especially metal cations, might form complexes with fluoride, which, depending on
pH and other factors, could influence the amount of fluoride actually present as free fluoride ion.
For example, P.J. Jackson et al. (2002) have calculated that at pH 7, in the presence of
aluminum, 97.46% of a total fluoride concentration of 1 mg/L is present as fluoride ion, but at
pH 6, only 21.35% of the total fluoride is present as fluoride ion, the rest being present in various

12

In common practice, chloramines are produced with an excess of ammonia, which appears to react with
silicofluorides to produce an ammonium-fluorosilicate intermediate which facilitates lead dissolution from plumbing
components (Maas et al. 2005).
13
Another possible explanation for increased blood lead concentrations which has not been examined is the effect of
fluoride intake on calcium metabolism; a review by Goyer (1995) indicates that higher blood and tissue
concentrations of lead occur when the diet is low in calcium. Increased fluoride exposure appears to increase the
dietary requirement for calcium (see Chapter 8); in addition, the substitution of tap-water based beverages (e.g., soft
drinks or reconstituted juices) for dairy products would result in both increased fluoride intake and decreased
calcium intake.
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aluminum fluoride species (primarily AlF2+ and AlF3). Calculations were not reported for pH <
6.
Further research should include analysis of the concentrations of fluoride and various
fluoride species or complexes present in tap water, using a range of water samples (e.g., of
different hardness and mineral content). In addition, given the expected presence of fluoride ion
(from any fluoridation source) and silica (native to the water) in any fluoridated tap water, it
would be useful to examine what happens when that tap water is used to make acidic beverages
or products (commercially or in homes), especially fruit juice from concentrate, tea, and soft
drinks. Although neither Urbansky (2002) nor Morris (2004) discusses such beverages, both
indicate that at pH < 5, SiF62- would be present, so it seems reasonable to expect that some SiF62would be present in acidic beverages but not in the tap water used to prepare the beverages.
Consumption rates of these beverages are high for many people, and therefore the possibility of
biological effects of SiF62-, as opposed to free fluoride ion, should be examined.
RECENT ESTIMATES OF TOTAL FLUORIDE EXPOSURE
A number of authors have reviewed fluoride intake from water, food and beverages, and
dental products, especially for children (NRC 1993; Levy 1994; Levy et al. 1995a,b,c; Lewis and
Limeback 1996; Levy et al. 2001b). Heller et al. (1999, 2000) estimated that a typical infant less
than 1 year old who drinks fluoridated water containing fluoride at 1 mg/L would ingest
approximately 0.08 mg/kg/day from water alone. Shulman et al. (1995) also calculated fluoride
intake from water, obtaining an estimate of 0.08 mg/kg/day for infants (7-9 months of age), with
a linearly declining intake with age to 0.034 mg/kg/day for ages 12.5-13 years.
Levy et al. (1995b,c; 2001b) have estimated the intake of fluoride by infants and children
at various ages based on questionnaires completed by the parents in a longitudinal study. For
water from all sources (direct, mixed with formula, etc.), the intake of fluoride by infants (Levy
et al. 1995b) ranged from 0 (all ages examined) to as high as 1.73 mg/day (9 months old).
Infants fed formula prepared from powdered or liquid concentrate had fluoride intakes just from
water in the formula of up to 1.57 mg/day. The sample included 124 infants at 6 weeks old and
77 by 9 months old. Thirty-two percent of the infants at 6 weeks and 23% at age 3 months
reportedly had no water consumption (being fed either breast milk or ready-to-feed formula
without added water). Mean fluoride intakes for the various age groups ranged from 0.29-0.38
mg/day; however, these values include the children who consumed no water, and so are not
necessarily applicable for other populations. For the same children, mean fluoride intakes from
water, fluoride supplement (if used), and dentifrice (if used) ranged from 0.32-0.38 mg/day
(Levy et al. 1995c); the maximum fluoride intakes ranged from 1.24 (6 weeks old) to 1.73
mg/day (9 months old). Ten percent of the infants at 3 months old exceeded an intake of 1.06
mg/day.
For a larger group of children (about 12,000 at 3 months and 500 by 36 months of age;
Levy et al. 2001b), mean fluoride intakes from water, supplements, and dentifrice combined
ranged from 0.360 mg/day (12 months old) to 0.634 mg/day (36 months old). The 90th
percentiles ranged from 0.775 mg/day (16 months old) to 1.180 mg/day (32 months old).
Maximum intakes ranged from 1.894 mg/day (16 months old) to 7.904 mg/day (9 months old)
and were attributable only to water (consumption of well water with 5-6 mg/L fluoride; about
1% of the children had water sources containing more than 2 mg/L fluoride). For ages 1.5-9
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months, approximately 40% of the infants exceeded a mass-normalized intake level for fluoride
of 0.07 mg/kg/day; for ages 12-36 months, about 10-17% exceeded that level (Levy et al.
2001b).
Levy et al. (2003b) reported substantial variation in total fluoride intake among children
aged 36-72 months, with some individual intakes greatly exceeding the means. The mean intake
per unit of body weight declined with age from 0.05-0.06 mg/kg/day at 36 months to 0.03-0.04
mg/kg/day at 72 months; 90th percentile values declined from about 0.10 mg/kg/day to about
0.06 mg/kg/day (Levy et al. 2003b). Singer et al. (1985) reported mean estimated total fluoride
intakes of 1.85 mg/day for 15- to 19-year-old males (based on a market-basket survey and a diet
of 2,800 calories per day) in a fluoridated area (>0.7 mg/L) and 0.86 mg/day in nonfluoridated
areas (<0.3 mg/L). Beverages and drinking water contributed approximately 75% of the total
fluoride intake.
Lewis and Limeback (1996) estimated total daily fluoride intakes of 0.014-0.093 mg/kg
for formula-fed infants and 0.0005-0.0026 mg/kg for breast-fed infants (up to 6 months). For
children aged 7 months to 4 years, the estimated daily intakes from food, water, and household
products (primarily dentifrice) were 0.087-0.160 mg/kg in fluoridated areas and 0.045-0.096
mg/kg in nonfluoridated areas. Daily intakes for other age groups were 0.049-0.079, 0.0330.045, and 0.047-0.058 mg/kg for ages 5-11, 12-19, and 20+ in fluoridated areas, and 0.0260.044, 0.017-0.021, and 0.032-0.036 mg/kg for the same age groups in nonfluoridated areas.
Rojas-Sanchez et al. (1999) estimated mean total daily fluoride intakes from foods,
beverages, and dentifrice by 16 to 40-month old children to be 0.767 mg (0.056 mg/kg) in a
nonfluoridated community and 0.965 mg (0.070-0.073 mg/kg) in both a fluoridated community
and a “halo” community. The higher mean dentifrice intake in the halo community than in the
fluoridated community compensated for the lower dietary intake of fluoride in the halo
community. Between 45% and 57% of children in the communities with higher daily fluoride
intake exceeded the “upper estimated threshold limit” of 0.07 mg/kg, even without including any
fluoride intake from supplements, mouth rinses, or gels in the study.
Erdal and Buchanan (2005), using a risk assessment approach based on EPA practices,
estimated the cumulative (all sources combined) daily fluoride intake by infants (< 1-year-old) in
fluoridated areas to be 0.11 and 0.20 mg/kg for “central tendency” and “reasonable maximum
exposure” conditions, respectively. For infants in nonfluoridated areas, the corresponding
intakes were 0.08 and 0.11 mg/kg. For children aged 3-5, the estimated intakes were 0.06 and
0.23 mg/kg in fluoridated areas and 0.06 and 0.21 in nonfluoridated areas.
TOTAL EXPOSURE TO FLUORIDE
A systematic estimation of fluoride exposure from pesticides, background food, air,
toothpaste, fluoride supplement, and drinking water is presented in this section. The estimated
typical or average chronic exposures to inorganic fluoride from nonwater sources are presented
in Table 2-9. The exposures from pesticides (sulfuryl fluoride and cryolite), background food,
and air are from a recent exposure assessment by EPA (2004). The background food exposure is
corrected for the contribution from powdered or dried tea by using the appropriate residue
concentration of 897.72 ppm for instant tea powder instead of the 5 ppm for brewed tea used in
the EPA (2004) analysis. It should be noted that the exposure from foods treated with sulfuryl
fluoride is not applicable before its registration for post-harvest fumigation in 2004. The
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TABLE 2-9 Total Estimated Chronic Inorganic Fluoride Exposure from Nonwater Sources

Population Subgroups
All infants (<1 year)
Nursing
Nonnursing
Children 1-2 years
Children 3-5 years
Children 6-12 years
Youth 13-19 years
Adults 20-49 years
Adults 50+ years
Females 13-49 yearse
a

Average Inorganic Fluoride Exposure, mg/kg/day
BackSulfuryl
ground
ToothFluoridea Cryolitea Fooda
pasteb
Aira
0.0005
0.0009
0.0096
0
0.0019
0.0003
0.0004
0.0046
0
0.0019
0.0006
0.0012
0.0114
0
0.0019
0.0013
0.0031
0.0210
0.0115
0.0020
0.0012
0.0020
0.0181
0.0114
0.0012
0.0007
0.0008
0.0123
0.0075
0.0007
0.0004
0.0003
0.0097
0.0033
0.0007
0.0003
0.0004
0.0114
0.0014
0.0006
0.0003
0.0005
0.0102
0.0014
0.0006
0.0003
0.0005
0.0107
0.0016
0.0006

Total
Nonwater
0.0129
0.0078d
0.0151
0.0389
0.0339
0.0219
0.0144
0.0141
0.0130
0.0137

Supplementc
0.0357
0.0357
0.0357
0.0192
0.0227
0.0250
0.0167
0
0
0

Based on the exposure assessment by EPA (2004). Background food exposures are corrected for the contribution
from powdered or dried tea at 987.72 ppm instead of 5 ppm used in EPA analysis.
b
Based on Levy et al. (1995a), assuming two brushings per day with fluoride toothpaste (0.1% F) and moderate
rinsing. The estimated exposures are: 0 mg/day for infants; 0.15 mg/day for 1-2 years; 0.25 mg/day for 3-5 years;
0.3 mg/day for 6-12 years; 0.2 mg/day for 13-19 years; 0.1 mg/day for all adults and females 13-49 years. The
calculated exposure in mg/kg/day is based on the body weights from EPA (2004). For most age groups, these doses
are lower than the purported maximum of 0.3 mg/day used for all age groups by EPA (2004).
c
Based on ADA (2005) schedule (Table 2-8) and body weights from EPA (2004). Note that the age groups here do
not correspond exactly to those listed by ADA (2005). The estimated exposures are: 0.25 mg/day for infant and 1-2
years; 0.5 mg/day for 3-5 years, and 1 mg/day for 6-12 years and 13-19 years.
d
Includes the estimated 0.0006 mg/kg/day from breast milk. Using the higher estimated breast milk exposure from a
fluoridated area (approximately 0.0014 mg/kg/day) results in 0.0086 mg/kg/day for total nonwater exposure.
e
Women of childbearing age.

exposure from toothpaste is based on Levy et al. (1995a; see Table 2-7). The use of fluoridecontaining toothpaste is assumed not to occur during the first year of life. Fluoride supplements
are considered separately in Table 2-9 and are not included in the “total nonwater” column.
Children 1-2 years old have the highest exposures from all non-water source components. The
two highest non-water exposure groups are children 1-2 and 3-5 years old, at 0.0389 and 0.0339
mg/kg/day, respectively (Table 2-9). These doses are approximately 2.5-3 times those of adult
exposures.
The estimated exposures from drinking water are presented in Table 2-10, using the
DEEM-FCID model (version 2.03, Exponent Inc.). The water consumption data are based on the
FCID translated from the CSFII 1994-1996 and 1998 surveys and represent an update to the
information presented in Appendix B. The food forms for water coded as “direct, tap”; “direct,
source nonspecified”; “indirect, tap”; and “indirect, source nonspecified” are assumed to be from
local tap water sources. The sum of these four categories constitutes 66% to 77% of the total
daily water intake. The remaining 23% to 34% is designated as nontap, which includes four food
forms coded as “direct, bottled”; “direct, others”; “indirect, bottled”; and “indirect, others”.
Fluoride exposures from drinking water (Table 2-10) are estimated for different concentrations
of fluoride in the local tap water (0, 0.5, 1.0, 2.0, or 4.0 mg/L), while assuming a fixed 0.5 mg/L
for all nontap sources (e.g., bottled water). The assumption for nontap water concentration is
based on the most recent 6-year national public water system compliance monitoring from a 16state cross section that represents approximately 41,000 public water systems, showing average
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TABLE 2-10 Estimated Chronic (Average) Inorganic Fluoride Exposure (mg/kg/day) from
Drinking Water (All Sources)a
Population
Subgroups
All infants (<1 year)
Nursing
Nonnursing
Children 1-2 years
Children 3-5 years
Children 6-12 years
Youth 13-19 years
Adults 20-49 years
Adults 50+ years
Females 13-49 yearsb
a

Fluoride Concentrations in Tap Water (fixed nontap water at 0.5 mg/L)
0 mg/L
0.5 mg/L
1.0 mg/L
2.0 mg/L
4.0 mg/L
0.0120
0.0345
0.0576
0.1040
0.1958
0.0050
0.0130
0.0210
0.0370
0.0700
0.0140
0.0430
0.0714
0.1290
0.2430
0.0039
0.0157
0.0274
0.0510
0.0982
0.0036
0.0146
0.0257
0.0480
0.0920
0.0024
0.0101
0.0178
0.0330
0.0639
0.0018
0.0076
0.0134
0.0250
0.0484
0.0024
0.0098
0.0173
0.0320
0.0620
0.0023
0.0104
0.0184
0.0340
0.0664
0.0025
0.0098
0.0171
0.0320
0.0609

Estimated from DEEM-FCID model (version 2.03, Exponent Inc.). The water consumption data are based on
diaries from the CSFII 1994-96 and 1998 surveys that are transformed into food forms by the Food Commodity
Intake Database (FCID). The food forms coded as “direct, tap”; “direct, source nonspecified”; “indirect, tap”; and
“indirect, source nonspecified” are assumed to be from tap water sources.
b
Women of childbearing age.

fluoride concentrations of 0.482 mg/L in groundwater and 0.506 mg/L in surface water (EPA
2003a). The reported best estimates for exceeding 1.2, 2, and 4 mg/L in surface-water source
systems are 9.37%, 1.11%, and 0.0491%, respectively; for groundwater source systems, the
respective estimates are 8.54%, 3.05%, and 0.55%. Table 2-10 shows that nonnursing infants
have the highest exposure from drinking water. The estimated daily drinking water exposures at
tap water concentrations of 1, 2, and 4 mg/L are 0.0714, 0.129, and 0.243 mg/kg, respectively.
These values are approximately 2.6 times those for children 1-2 and 3-5 years old and 4 times the
exposure of adults.
The estimated total fluoride exposures aggregated from all sources are presented in Table
2-11. These values represent the sum of exposures from Table 2-9 and 2-10, assuming fluoride
supplements might be given to infants and children up to 19 years old in low-fluoride tap water
scenarios (0 and 0.5 mg/L). Table 2-11 shows that, when tap water contains fluoride, nonnursing
infants have the highest total exposure. They are 0.087, 0.144, and 0.258 mg/kg/day in tap water
at 1, 2, and 4 mg/L, respectively. At 4 mg/L, the total exposure for nonnursing infants is
approximately twice the exposure for children 1-2 and 3-5 years old and 3.4 times the exposure
for adults.
The relative source contributions to the total exposure in Table 2-11 for scenarios with 1,
2, and 4 mg/L in tap water are illustrated in Figures 2-1, 2-2, and 2-3, respectively. Numerical
values for the 1-, 2-, and 4-mg/L scenarios are given later in the summary tables (Tables 2-13, 214, and 2-15). Under the assumptions for estimating the exposure, the contribution from
pesticides plus fluoride in the air is within 4% to 10% for all population subgroups at 1 mg/L in
tap water, 3-7% at 2 mg/L in tap water, and 1-5% at 4 mg/L in tap water. The contributions from
the remaining sources also vary with different tap water concentrations. For nonnursing infants,
who represent the highest total exposure group even without any exposure from toothpaste, the
contribution from drinking water is 83% for 1 mg/L in tap water (Figure 2-1). As the tap water
concentration increases to 2 and 4 mg/L, the relative drinking water contribution increases to
90% and 94%, respectively (Figures 2-2 and 2-3). The proportion of the contribution from all
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TABLE 2-11 Total Estimated (Average) Chronic Inorganic Fluoride Exposure (mg/kg/day)
from All Sources, Assuming Nontap Water at a Fixed Concentrationa
Population Subgroups
All infants (<1 year)
Nursingb
Non-nursing
Children 1-2 years
Children 3-5 years
Children 6-12 years
Youth 13-19 years
Adults 20-49 years
Adults 50+ years
Females 13-49 yearsc
a

Concentration in Tap Water (fixed nontap water at 0.5 mg/L)
With F supplement
Without F supplement
0 mg/L
0.5 mg/L
0 mg/L 0.5 mg/L
1 mg/L 2 mg/L
0.061
0.083
0.025
0.047
0.070
0.117
0.049
0.057
0.013
0.021
0.030
0.046
0.065
0.094
0.029
0.058
0.087
0.144
0.062
0.074
0.043
0.055
0.066
0.090
0.060
0.071
0.038
0.049
0.060
0.082
0.049
0.057
0.024
0.032
0.040
0.055
0.033
0.039
0.016
0.022
0.028
0.039
0.017
0.024
0.017
0.024
0.031
0.046
0.015
0.023
0.015
0.023
0.031
0.047
0.016
0.024
0.016
0.024
0.031
0.046

4 mg/L
0.209
0.079
0.258
0.137
0.126
0.086
0.063
0.076
0.079
0.075

The estimated exposures from fluoride supplements and total nonwater sources (including pesticides, background
food, air, and toothpaste) are from Table 2-9. The estimated exposures from drinking water are from Table 2-10.
For nonfluoridated areas (tap water at 0 and 0.5 mg/L), the total exposures are calculated both with and without
fluoride supplements.
b
The higher total nonwater exposure of 0.0086 mg/kg/day that includes breast milk from a fluoridated area (footnote
in Table 2-9) is used to calculate the exposure estimates for the “without supplement” groups that are exposed to
fluoride in water at 1, 2, and 4 mg/L.
c
Women of childbearing age.

sources also varies in children 1-2 and 3-5 years old. At 1 mg/L, the drinking water contribution
is approximately 42%, while the contributions from toothpaste and background food are sizable,
approximately 18% and 31%, respectively (Figure 2-1). At 2 mg/L, the drinking water
contribution is raised to approximately 57%, while the contributions from toothpaste and
background food are reduced to 13% and 23%, respectively (Figure 2-2). At 4 mg/L, the relative
contribution of drinking water continues to increase to approximately 72%, while the
contribution from toothpaste and background food are further reduced to approximately 9% and
15%, respectively (Figure 2-3). As age increases toward adulthood (20+ years), the contribution
from toothpaste is reduced to approximately 5% at 1 mg/L, 3-4% at 2 mg/L, and 2% at 4 mg/L.
Correspondingly, the contribution from drinking water increases to approximately 57% at 1
mg/L, 70% at 2 mg/L, and 82% at 4 mg/L.
Data presented in Tables 2-9 to 2-11 are estimates of typical exposures, while the actual
exposure for an individual could be lower or higher. There are inherent uncertainties in
estimating chronic exposure based on the 2-day CSFII surveys. The DEEM-FCID model
assumes that the average intake from the cross-sectional survey represents the longitudinal
average for a given population. Thus, the chronic exposures of those who have persistently high
intake rates, especially for food items that contain high concentrations of fluoride (e.g., tea), are
likely to be underestimated. For example, at an average fluoride concentration of 3.3 mg/L for
brewed tea and 0.86 mg/L for iced tea (USDA 2004), the tea component in the background food
presented in Table 2-9 represents an average daily consumption of one-half cup of brewed tea or
2 cups of iced tea. A habitual tea drinker, especially for brewed tea, can be expected to
significantly exceed these consumption rates. Other groups of people who are expected to have
exposures higher than those calculated here include infants given fluoride toothpaste before age
1, anyone who uses toothpaste more than twice per day or who swallows excessive amounts of
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Total Exposure with Tap Water at 1 ppm
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FIGURE 2-1 Source contribution to total inorganic fluoride exposure, including fluoride at 1
mg/L in tap water. The estimated chronic inorganic fluoride exposures from the various routes
are presented in Tables 2-9 and 2-10. No fluoride supplement is included for any population
subgroup. The total exposures as presented in Table 2-11 for the population subgroups are:
0.030 mg/kg/day (nursing infants), 0.087 mg/kg/day (non-nursing infants), 0.066 mg/kg/day (1-2
years old), 0.060 mg/kg/day (3-5 years old), 0.040 mg/kg/day (6-12 years old), 0.028 mg/kg/day
(13-19 years old), and 0.031 mg/kg/day for adults (20 to 50+ years old) and women of childbearing age (13-49 years old).
toothpaste, children inappropriately given fluoride supplements in a fluoridated area, children in
an area with high fluoride concentrations in soil, and children with pica who consume large
amounts of soil.
The exposure estimates presented in this chapter for non-drinking water routes are based
on the potential profile of fluoride residue concentrations in the current exposure media. They
likely do not reflect the concentration of past exposure scenarios, particularly for routes that
show changes in time (e.g., pesticide use practices). Any new and significant source of fluoride
exposure, such as commodities approved for sulfuryl fluoride fumigation application beyond
April 2005, is expected to alter the percentage of drinking water contribution as presented in this
chapter.
Different assumptions for the drinking water concentration alone also can result in
slightly different estimates. For example, values in Table 2-11 are derived from assuming that
the nontap water has a fixed fluoride concentration of 0.5 mg/L, while tap water concentration
varies up to 4 mg/L. Table 2-12 provides alternative calculations of total exposure by assuming
that all sources of drinking water (both tap and nontap water) contain the same specified fluoride
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Total Exposure with Tap water at 2 ppm
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FIGURE 2-2 Source contribution to total inorganic fluoride exposure, including fluoride at 2
mg/L fluoride in tap water. The estimated chronic inorganic fluoride exposures from the various
routes are presented in Tables 2-9 and 2-10. No fluoride supplement is included for any
population subgroup. The total exposures as presented in Table 2-11 for the population
subgroups are: 0.046 mg/kg/day (nursing infants), 0.144 mg/kg/day (non-nursing infants), 0.090
mg/kg/day (1-2 years old), 0.082 mg/kg/day (3-5 years old), 0.055 mg/kg/day (6-12 years old),
0.039 mg/kg/day (13-19 years old), and 0.046-0.047 mg/kg/day for adults (20-50+ years old) and
women of child-bearing age (13-49 years old).
concentration. Within this assumption, the drinking water component can be estimated from
either the DEEM-FCID model or the default drinking water intake rate currently used by EPA
for establishing the MCL (1 L/day for a 10-kg child and 2 L/day for a 70-kg adult).
Some uncertainties exist regarding the extent the FCID database may include all
processed waters (e.g., soft drinks and soups). Thus, the exposure using EPA's defaults as
presented in Table 2-12 can serve as a bounding estimate from the water contribution. The
difference in the total fluoride exposure calculated from the two water intake methods (i.e., EPA
defaults versus FCID modeled) varies with different population subgroups shown in Table 2-12.
In general, as the drinking water contribution to the total exposure becomes more prominent at
higher drinking water concentration, the differences in total exposure approach the differences in
drinking water intake rates of the two methods. Using EPA's default adult water intake rate of
28.6 mL/kg/day (based on 2 L/day for a 70 kg adult) results in approximately 32-39% higher
total exposure than the model estimates. This approximates the 38-45% lower model estimate of
total water intake rate (i.e., 19.7 mL/kg/day for 20-49 year olds, 20.7 mL/kg/day for 50+ year
olds). Using EPA's default water intake rate for a child results in approximately 16% higher total
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Total Exposure with Tap Water at 4 ppm
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FIGURE 2-3 Source contribution to total inorganic fluoride exposure, including fluoride at 4
mg/L in tap water. The estimated chronic inorganic fluoride exposures from the various routes
are presented in Tables 2-9 and 2-10. No fluoride supplement is included for any population
subgroup. The total exposures as presented in Table 2-11 for the population subgroups are:
0.079 mg/kg/day (nursing infants), 0.258 mg/kg/day (non-nursing infants), 0.137 mg/kg/day (1-2
years old), 0.126 mg/kg/day (3-5 years old), 0.086 mg/kg/day (6-12 years old), 0.063 mg/kg/day
(13-19 years old), 0.075 - 0.079 mg/kg/day for adults (20-50+ years old) and women of childbearing age (13-49 years old).
exposure than the model estimates for non-nursing infants at 4 mg/L drinking water. This
reflects closely the difference in the total water intake between the default 100 mL/kg/day (based
on 1 L/day for a 10 kg child) and the DEEM-FCID estimate of 85.5 mL/kg/day for this
population group. Similarly, for nursing infants, the 3.7-fold higher total exposure at 4 mg/L
from using the EPA's default of 100 mL/kg/day also reflects their significantly lower model
estimate of total water intake (i.e., 25.6 mL/kg/day). Two additional simple conceptual
observations can be made to relate data presented in Table 2-12 to those in Tables 2-9 and 2-11.
By using a fixed rate of water intake for infants and children 1-2 years old, the difference in their
total exposure is due to the contribution from all non-water sources as presented in Table 2-9.
The difference between model estimates presented in Table 2-11 (last 3 columns) by varying
concentrations for tap water alone (with fixed non-tap water at 0.5 mg/L) and estimates using
one fluoride concentration for both tap and nontap waters in Table 2-12 (first 3 columns) reflects
the contribution from the non-tap water component.
The fluoride exposure estimates presented thus far, regardless of the various assumptions
(e.g., the same versus different fluoride concentrations in tap and nontap water) and different

52

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

TABLE 2-12 Total Estimated (Average) Chronic Inorganic Fluoride Exposure (mg/kg/day)
from All Sources, Assuming the Same Specified Fluoride Concentration for Both Tap and
Nontap Watersa
Population Subgroups
All infants (<1 year)
Nursing
Non-nursing
Children 1-2 years
Children 3-5 years
Children 6-12 years
Youth 13-19 years
Adults 20-49 years
Adults 50+ years
Females 13-49 yearsd
a

Concentration in All Water
1 mg/L
2 mg/L
4 mg/L
Modeled water intakeb
0.082
0.151
0.289
0.034
0.060
0.111
0.100
0.186
0.357
0.070
0.102
0.164
0.063
0.093
0.151
0.042
0.062
0.103
0.030
0.045
0.075
0.034
0.053
0.093
0.034
0.054
0.096
0.033
0.053
0.092

1 mg/L
2 mg/L
4 mg/L
EPA default water intakec
0.113
0.213
0.413
0.109
0.209
0.409
0.115
0.215
0.415
0.139
0.239
0.439
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.043
0.071
0.128
0.042
0.070
0.127
0.042
0.071
0.128

The estimated exposures from nonwater sources (including pesticides, background food, air, and toothpaste) are
from Table 2-9. No fluoride supplement is included in the total fluoride exposure estimates.
b
The component of drinking water exposure is estimated from DEEM-FCID.
c
The EPA default daily water intake rate is 1 L for a 10-kg child and 2 L for a 70-kg adult. NA: not applicable based
on EPA’s default body weight.
d
Women of childbearing age.

water intake rates (e.g., EPA default versus estimates from FCID database of the CSFII surveys),
do not include those who have sustained high water intake rates as noted previously (athletes,
workers, and individuals with diabetes mellitus or nephrogenic diabetes insipidus (see Table 24). The high-end exposures for these high-water-consumption population subgroups are
included in the summaries below.
SUMMARY OF EXPOSURE ASSESSMENT
The estimated aggregated total fluoride exposures from pesticides, background food, air,
toothpaste, and drinking water are summarized for drinking water fluoride concentrations of 1
mg/L (Table 2-13), 2 mg/L (Table 2-14), and 4 mg/L (Table 2-15). Two sets of exposures are
presented using different approaches to estimate the exposure from drinking water. One is
estimated by modeling water intakes based on FCID data and assuming a fixed non-tap water
concentration of 0.5 mg/L. The other is estimated using EPA default drinking water intake rates
(i.e., 1 L/day for a 10 kg child, 2 L/day for a 70 kg adult) and assuming the same concentration
for tap and non-tap waters. Both sets of estimates include the same fluoride exposure from nonwater sources. The total exposure from the latter approach is higher than the model estimates
due to the higher default drinking water intake rates and the assumption that nontap waters
contain the same concentration of fluoride residue as the tap water.
Although each of these exposure estimates have areas of uncertainty, the average total
daily fluoride exposure is expected to fall between them. For the modeling estimates, there are
inherent uncertainties in modeling long-term intake rates based on the cross-sectional CSFII
dietary survey data. Thus, the exposure from any dietary component, water or other foods, could
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TABLE 2-13 Contributions to Total Fluoride Chronic Exposure at 1 mg/L in Drinking Water
% Contribution to Total Exposure
Total Exposure, Pesticides
Background
ToothPopulation Subgroups
mg/kg/day
and Air
Food
paste
Modeled average water consumer
(Tap water at 1 mg/L, nontap water at 0.5 mg/L; Table 2-11)
All infants (<1 year)
0.070
4.7
13.6
0
Nursing
0.030
8.9
15.6
0
Nonnursing
0.087
4.3
13.2
0
Children 1-2 years
0.066
9.7
31.7
17.4
Children 3-5 years
0.060
7.4
30.4
19.1
Children 6-12 years
0.040
5.4
30.9
18.9
Youth 13-19 years
0.028
4.9
34.8
12.0
Adults 20-49 years
0.031
4.0
36.3
4.6
Adults 50+ years
0.031
4.4
32.4
4.6
Females 13-49 yearsa
0.031
4.4
34.7
5.3
EPA default water intake, all water at 1 mg/L
(1 L/day for 10-kg child; 2 L/day for 70-kg adult; Table 2-12)
All infants (<1 year)
0.113
2.9
8.5
0
Nursing
0.109
2.4
4.3
0
Nonnursing
0.115
3.2
9.9
0
Children 1-2 years
0.139
4.6
15.1
8.3
Adults 20-49 years
0.043
3.0
26.7
3.3
High end of high water intake individuals all water at 1 mg/L
(based on intake rates in Table 2-4)
Athletes and workers
0.084
1.5
13.5
1.7
DM patients (3-5 years)
0.134
3.3
13.5
8.5
DM patients (adults)
0.084
1.5
13.5
1.7
NDI patients (3-5 years)
0.184
2.4
9.9
6.2
NDI patients (adults)
0.164
0.8
6.9
0.9
a

Drinking
Water
81.7
70.8
82.5
41.3
43.1
44.8
48.3
55.1
58.7
55.6
88.6
92.0
86.9
72.0
67.0
83.3
74.7
83.3
81.6
91.4

Women of childbearing age.
Abbreviations: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus.

be underestimated for individuals who have habitually higher intake rates (e.g., water, tea).
Specific to the water component, there are also uncertainties regarding the extent the FCID
database may include all processed waters (e.g., soft drinks and soups). On the other hand, the
EPA default water intake rate is likely higher than the average rate for certain population
subgroups (e.g., nursing infants).
The estimates presented in Tables 2-13, 2-14, and 2-15 show that on a per body weight
basis, the exposures are generally higher for young children than for the adults. By assuming
that the nontap water concentration is fixed at 0.5 mg/L, non-nursing infants have the highest
model-estimated average total daily fluoride exposure: 0.087, 0.144, and 0.258 mg/kg/day when
tap water concentrations of fluoride are 1, 2, and 4 mg/L, respectively (Table 2-11, and Tables 213, 2-14, and 2-15). The major contributing factor is their much higher model-estimated
drinking water exposure than other age groups (Table 2-10). The total exposures of non-nursing
infants are approximately 2.8-3.4 times that of adults. By holding the exposure from drinking
water at a constant with the EPA default water intake rates, children 1-2 years old have slightly
higher total exposure than the non-nursing infants, reflecting the higher exposure from non-water
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TABLE 2-14 Contributions to Total Fluoride Chronic Exposure at 2 mg/L in Drinking Water
% Contribution to Total Exposure
Total Exposure,
Pesticides
Background
ToothPopulation Subgroups mg/kg/day
and Air
Food
paste
Modeled average water consumer
(Tap water at 2 mg/L, nontap water at 0.5 mg/L; Table 2-11)
All infants (<1 year)
0.117
2.8
8.2
0
Nursing
0.046
5.8
10.1
0
Nonnursing
0.144
2.6
7.9
0
Children 1-2 years
0.090
7.1
23.3
12.8
Children 3-5 years
0.082
5.4
22.1
13.9
Children 6-12 years
0.055
3.9
22.4
13.7
Youth 13-19 years
0.039
3.5
24.5
8.5
Adults 20-49 years
0.046
2.8
24.7
3.1
Adults 50+ years
0.047
2.9
21.7
3.0
Females 13-49 yearsa
0.046
3.0
23.4
3.6
EPA default water intake, all water at 1 mg/L
(2 L/day for 10-kg child; 2 L/day for 70-kg adult; Table 2-12)
All infants (<1 year)
0.213
1.6
4.5
0
Nursing
0.209
1.3
2.2
0
Nonnursing
0.215
1.7
5.3
0
Children 1-2 years
0.239
2.7
8.8
4.8
Adults 20-49 years
0.071
1.8
16.0
2.0
High end of high water intake individuals all water at 2 mg/L
(based on intake rates in Table 2-4)
Athletes and workers
0.154
0.8
7.4
0.9
DM patients (3-5 years) 0.234
1.9
7.7
4.9
DM patients (adults)
0.154
0.8
7.4
0.9
NDI patients (3-5 years) 0.334
1.3
5.4
3.4
NDI patients (adults)
0.314
0.4
3.6
0.5
a

Drinking
Water
89.0
81.0
89.5
56.7
58.6
60.1
63.5
69.4
72.4
70.1
93.9
95.8
93.0
83.7
80.2
90.9
85.5
90.9
89.9
95.5

Women of childbearing age.
Abbreviations: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus.

sources (Table 2-9). The estimated total fluoride exposures for children 1-2 years old are 0.139,
0.239, and 0.439 mg/kg/day for 1, 2, and 4 mg/L of fluoride in drinking water, respectively
(Tables 2-13, 2-14, 2-15). These exposures are approximately 3.4 times that of adults. The
estimated total exposure for children 1-2 years old and adults at 4 mg/L fluoride in drinking
water is approximately two times the exposure at 2 mg/L and three times the exposure at 1 mg/L.
The estimated total daily fluoride exposures for three population subgroups with
significantly high water intake rates are included in Tables 2-13, 2-14, and 2-15. The matching
age groups for data presented in Table 2-4 are: adults ≥ 20 years old for the athletes and
workers, and both children 3-5 years old (default body weight of 22 kg) and adults for
individuals with diabetes mellitus and nephrogenic diabetes insipidus. In estimating the total
exposure, the high end water intake rates from Table 2-4 are used to calculate the exposure from
drinking water. The total exposures for adult athletes and workers are 0.084, 0.154, and 0.294
mg/kg/day at 1, 2, and 4 mg/L of fluoride in water, respectively. These doses are approximately
two times those of the adults with a default water intake rate of 2 L/day. For individuals with
nephrogenic diabetes insipidus, the respective total fluoride exposures for children (3-5 years
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TABLE 2-15 Contributions to Total Fluoride Chronic Exposure at 4 mg/L in Drinking Water
% Contribution to Total Exposure
Total Exposure,
Pesticides
Background
ToothPopulation Subgroups mg/kg/day
and Air
Food
paste
Modeled average water consumer
(Tap water at 4 mg/L, nontap water at 0.5 mg/L; Table 2-11)
All infants (<1 year)
0.209
1.6
4.6
0
Nursing
0.079
3.3
5.9
0
Nonnursing
0.258
1.4
4.4
0
Children 1-2 years
0.137
4.7
15.3
8.4
Children 3-5 years
0.126
3.5
14.4
9.0
Children 6-12 years
0.086
2.5
14.3
8.7
Youth 13-19 years
0.063
2.2
15.4
5.3
Adults 20-49 years
0.076
1.7
15.0
1.9
Adults 50+ years
0.079
1.7
12.8
1.8
Females 13-49 yearsa
0.075
1.8
14.3
2.2
EPA default water intake all water at 4 mg/L
(1 L/day for 10-kg child; 2 L/day for 70-kg adult; Table 2-12)
All infants (<1 year)
0.413
0.8
2.3
0
Nursing
0.409
0.6
1.1
0
Nonnursing
0.415
0.9
2.8
0
Children 1-2 years
0.439
1.5
4.8
2.6
Adults 20-49 years
0.128
1.0
8.9
1.1
High end of high water intake individuals, all water at 4 mg/L
(based on intake rates in Table 2-4)
Athletes and Workers
0.294
0.4
3.9
0.5
DM patients (3-5 years) 0.434
1.0
4.2
2.6
DM patients (adults)
0.294
0.4
3.9
0.5
NDI patients (3-5 years) 0.634
0.7
2.9
1.8
NDI patients (adults)
0.614
0.2
1.9
0.2
a

Drinking
Water
93.9
89.0
94.1
71.6
73.1
74.5
77.1
81.5
83.7
81.7
96.9
97.9
96.4
91.1
89.0
95.2
92.2
95.2
94.7
97.7

Women of childbearing age.
Abbreviations: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus

old) and adults are 0.184 and 0.164 mg/kg/day at 1 mg/L, 0.334 and 0.314 mg/kg/day at 2 mg/L,
and 0.634 and 0.614 mg/kg/day at 4 mg/L. Compared to the exposure of children 1-2 years old,
who have the highest total exposure among all age groups of the general population (i.e., 0.1390.439 mg/kg/day at 1-4 mg/L, assuming EPA’s 100 mL/kg/day default water intake rate for
children), the highest estimated total exposure among these high water intake individuals (i.e.,
0.184-0.634 mg/kg/day for children 3-5 years old with nephrogenic diabetes insipidus, assuming
150 mL/kg/day high-end water intake rate) are 32-44% higher.
The relative contributions from each source of exposure are also presented in Tables 213, 2-14, and 2-15. For an average individual, the model-estimated drinking water contribution
to the total fluoride exposure is 41-83% at 1 mg/L in tap water, 57-90% at 2 mg/L, and 72-94%
at 4 mg/L in tap water (see also Figures 2-1, 2-2, and 2-3). Assuming that all drinking water
sources (tap and nontap) contain the same fluoride concentration and using the EPA default
drinking water intake rates, the drinking water contribution is 67-92% at 1 mg/L, 80-96% at 2
mg/L, and 89-98% at 4 mg/L. The drinking water contributions for the high water intake
individuals among adult athletes and workers, and individuals with diabetes mellitus and
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nephrogenic diabetes insipidus, are 75-91% at 1 mg/L, 86-96% at 2 mg/L, and 92-98% at 4
mg/L.
As noted earlier, these estimates were based on the information that was available to the
committee as of April 2005. Any new and significant sources of fluoride exposure are expected
to alter the percentage of drinking water contribution as presented in this chapter. However,
water will still be the most significant source of exposure.
BIOMARKERS OF EXPOSURE, EFFECT, AND SUSCEPTIBILITY
Biological markers, or biomarkers, are broadly defined as indicators of variation in
cellular or biochemical components or processes, structure, or function that are measurable in
biological systems or samples (NRC 1989a). Biomarkers often are categorized by whether they
indicate exposure to an agent, an effect of exposure, or susceptibility to the effects of exposure
(NRC 1989a). Vine (1994) described categories of biological markers in terms of internal dose,
biologically effective dose, early response, and disease, plus susceptibility factors that modify
the effects of the exposure. Factors that must be considered in selecting a biomarker for a given
study include the objectives of the study, the availability and specificity of potential markers, the
feasibility of measuring the markers (including the invasiveness of the necessary techniques and
the amount of biological specimen needed), the time to appearance and the persistence of the
markers in biological media, the variability of marker concentrations within and between
individuals, and aspects (e.g., cost, sensitivity, reliability) related to storage and analysis of the
samples (Vine 1994). ATSDR (2003) recently reviewed biomarkers of exposure and effect for
fluoride.
Biomarkers of exposure to fluoride consist of measured fluoride concentrations in
biological tissues or fluids that can be used as indices of an individual’s exposure to fluoride.
For fluoride, concentrations in a number of tissues and fluids, including teeth, bones, nails, hair,
urine, blood or plasma, saliva, and breast milk, have been used to estimate exposures (Vine
1994; Whitford et al. 1994; ATSDR 2003). Table 2-16 gives examples of measurements in
humans together with the associated estimates of exposure. The Centers for Disease Control and
Prevention (CDC 2003, 2005) has measured a number of chemicals in blood or urine of members
of the U.S. population, but thus far fluoride has not been included in their survey.
Fluoride concentrations in bodily fluids (e.g., urine, plasma, serum, saliva) are probably
most suitable for evaluating recent or current fluoride exposures or fluoride balance (intake
minus excretion), although some sources indicate that samples obtained from fasting persons
may be useful for estimating chronic fluoride intake or bone fluoride concentrations (e.g.,
Ericsson et al. 1973; Waterhouse et al. 1980). Examples of the association between estimated
fluoride intakes (or mass-normalized intakes) and measured fluoride concentrations in urine,
plasma, and serum for individuals and groups are shown in Figures 2-4, 2-5, 2-6, and 2-7. Note
that in most cases, the variation in fluoride intake is not sufficient to explain the variation in the
measured fluoride concentrations. A number of parameters affect individual fluoride uptake,
retention, and excretion (Chapter 3) (Whitford 1996). In addition, a significant decrease in
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TABLE 2-16 Summary of Selected Biomarkers for Fluoride Exposure in Humans
Number of
Persons

Fluoride Exposure
Urine
1.2-2.2 mg/day
2.5-3.8 mg/daya
8.7-9.2 mg/day
21.0-28.0 mg/day
48.0-52.0 mg/day
1.0 mg/L in drinking water

Fluoride Concentration

Reference

5
2
3
2
2
17

Teotia et al. 1978
(Figure 2-4)

45

0.8-1.2 mg/day
1.2-2.2 mg/day
3.2-5.8 mg/day
10.0-11.0 mg/day
15.0-18.5 mg/day
1.5 (0.2) mg/L
1.9 (0.3) mg/day
2.4 (0.2) mg/L
2.7 (0.2) mg/day
0.15 (0.07) mg/Lb

2.3 mg/L in drinking water

30

0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water
0.32 mg/L in drinking water

53

0.62 (0.26) mg/Lb

41

1.24 (0.52) mg/Lb

100

0.77 (0.49) mg/Lb

1.69 mg/L in drinking water
2.74 mg/L in drinking water
About 3 mg/day

111
89
1

1.93 (0.82) mg/Lb
2.89 (1.39) mg/Lb
2.30-2.87 mg/day

About 6 mg/day
7.35 (1.72) mg/dayb
11.97 (1.8) mg/dayb
14.45 (3.19) mg/daya
32.56 (9.33) mg/daya
0.93 (0.39) mg/dayb [0.053
(0.021) mg/kg/dayb]
1.190 (0.772) mg/day from
all sourcesb
Plasma
1.2-2.2 mg/day
2.5-3.8 mg/day
8.7-9.2 mg/day
21.0-28.0 mg/day
48.0-52.0 mg/day
Serum
1.0 mg/L in drinking water

1
50
50
50
50
11

4.40-5.13 mg/day
9.45 (4.11) mg/Lb
15.9 (9.98) mg/Lb
17.78 (7.77) mg/La
14.56 (7.88) mg/La
0.91 (0.45) mg/Lb

20

0.481 (0.241) mg/dayb

5
2
3
2
2

0.020-0.038 mg/L
0.036-0.12 mg/L
0.15-0.18 mg/L
0.11-0.17 mg/L
0.14-0.26 mg/L

Teotia et al. 1978
(Figure 2-4)

17

0.21 (0.01) mg/L

30
50
50
50
50

0.25 (0.01) mg/L
0.79 (0.21) mg/Lb
1.10 (0.58) mg/Lb
1.10 (0.17) mg/Lb
1.07 (0.17) mg/Lb

Bachinskii et al.
1985
(Figure 2-6)
Gupta et al. 2001
(Figure 2-7)

2.3 mg/L in drinking water
7.35 (1.72) mg/dayb
11.97 (1.8) mg/dayb
14.45 (3.19) mg/dayb
32.56 (9.33) mg/dayb

Bachinskii et al.
1985 (Figure 2-6)
Schamschula et al.
1985 (Figure 2-6)

Czarnowski et al.
1999
(Figure 2-6)
Whitford et al.
1999a
Gupta et al. 2001
(Figure 2-7)
Haftenberger et al.
2001 (Figure 2-5)
Pessan et al. 2005

(Continued)
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TABLE 2-16 Continued
Fluoride Exposure
0.3 mg/L in drinking water:
Breastfed infants
All infants (4 weeks-2 years)
Preschoolers (2-6 years)
Primary schoolers (6-12
years)
Saliva
0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water
0.1 mg/L in drinking water
1.2 mg/L in drinking water
Plaque
0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water
Hair
0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water
0.27 mg/L in drinking water
and 2.8 µg/m3 in air
0.32 mg/L in drinking water
1.69 mg/L in drinking water
2.74 mg/L in drinking water
Breast milk
0.2 mg/L in drinking water
1.0 mg/L in drinking water
1.0 mg/L in drinking water
Nonfluoridated community
1 mg/L in drinking water
22.1 mg/day (mean)
0.3 mg/L in drinking water

Number of
Persons

Fluoride Concentration

48
97
100
99

0.0042 (0.0027) mg/Lb
0.0051 (0.0030) mg/Lb
0.011 (0.0049) mg/Lb
0.010 (0.0042) mg/Lb

45

6.25 (2.44) µg/Lb

53

11.23 (4.29) µg/Lb

41

15.87 (6.01) µg/Lb

27
27

1.9-55.1 µg/L
1.9-144 µg/L

Oliveby et al. 1990
Oliveby et al. 1990

45

5.04 (4.60) ppmb

53

8.47 (9.69) ppmb

Schamschula et al.
1985

41

19.6 (19.3) ppmb

45

0.18 (0.07) µg/gb

53

0.23 (0.11) µg/gb

41

0.40 (0.25) µg/gb

59

1.35 (0.95) µg/gb

Hac et al. 1997

53

4.13 (2.24) µg/gb

111
84

10.25 (6.63) µg/gb
14.51 (6.29) µg/gb

Czarnowski et al.
1999

47
79
17
32
112
27
60

0.0053 mg/L (colostrum)
0.0068 mg/L (colostrum)
0.007 mg/L (mature milk)
0.0044 mg/L
0.0098 mg/L
0.011-0.073 mg/L
0.0046 (0.0025) mg/Lb

Reference
Hossny et al. 2003

Schamschula et al.
1985

Schamschula et al.
1985

Spak et al. 1983
Dabeka et al. 1986
Opinya et al. 1991
Hossny et al. 2003
(Continued)
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TABLE 2-16 Continued
Fluoride Exposure
Fingernails
0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water
About 3 mg/day
About 6 mg/day (after 3.5
months)
0.1 mg/L in drinking water
1.6 mg/L in drinking water
2.3 mg/L in drinking water
0.7-1.0 mg/L in drinking
water, without fluoride
dentifrice
0.7-1.0 mg/L in drinking
water, with fluoride
dentifrice (after 4 months)
0.004 ± 0.003 mg/kg/day
0.029 ± 0.029 mg/kg/day
Toenails
0.09 mg/L in drinking water
1.0 mg/L in drinking water
3 mg/day
0.7-1.0 mg/L in drinking
water, without fluoride
dentifrice
0.7-1.0 mg/L in drinking
water, with fluoride
dentifrice (after 4 months)
0.004 ± 0.003 mg/kg/day
0.029 ± 0.029 mg/kg/day
Teeth
Normal
Cryolite workers
Enamel (0.44-0.48 µm depth)
0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water

Number of
Persons

Fluoride Concentration

Reference

45

0.79 (0.26) ppmb

53

1.31 (0.49) ppmb

Schamschula et al.
1985

41

2.31 (1.14) ppmb

1

1.94-3.05 mg/kg

1

4.52-5.38 mg/kg

10
6
9
10

0.75-3.53 mg/kg
2.28-7.53 mg/kg
4.00-13.18 mg/kg
2.3-7.3 mg/kg

10

10.1 mg/kg (peak)

15
15

0.42-6.11 µg/g
0.87-7.06 µg/g

Levy et al. 2004

4.2 ppm

Feskanich et al.
1998

Whitford et al.
1999a

Corrêa Rodrigues
et al. 2004

1

6.4 ppm
1.41-1.60 mg/kg

10

2.5-5.6 mg/kg

10

9.2 mg/kg (peak)

15
15

0.08-3.89 µg/g
0.81-6.38 µg/g

Levy et al. 2004

NA
5

190-300 ppm (total ash)
1,100-5,300 ppm (total ash)

Roholm 1937

45

1,549 (728) ppmb

53

2,511 (1,044) ppmb

Schamschula et al.
1985

41

3,792 (1,362) ppmb

Whitford et al.
1999a
Corrêa Rodrigues
et al. 2004

(Continued)

60

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

TABLE 2-16 Continued
Fluoride Exposure
Enamel (2.44-2.55 µm depth)
0.09 (range, 0.06-0.11) mg/L
in drinking water
0.82 (range, 0.5-1.1) mg/L in
drinking water
1.91 (range, 1.6-3.1) mg/L
in drinking water
Enamel
0.7 or 1.0 mg/L in drinking
water
Dentin
0.7 or 1.0 mg/L in drinking
water
Bones
Normal

a

Number of
Persons

Fluoride Concentration

Reference

45

641 (336) ppmb

53

1,435 (502) ppmb

Schamschula et al.
1985

41

2,107 (741) ppmb

30

0-192 µg/g

Vieira et al. 2005

30

59-374 µg/g

Vieira et al. 2005

NA

Cryolite workers

2

0.1-0.4 mg/L in drinking
water
1.0 mg/L in drinking water
2.6 mg/L in drinking water
4.0 mg/L in drinking water
< 0.2 mg/L in drinking water
since infancy
1 mg/L in drinking water at
least 23 years or since
infancy
0.27 mg/L in drinking water
and 2.8 µg/m3 in air
0.7 or 1.0 mg/L in drinking
water

33

480-2,100 ppm in bone ash
Roholm 1937
(ribs)
9,900 and 11,200 ppm in bone
ash (ribs)
ranges (ppm in bone ash,
various bone types, 3,100-9,900
and 8,100-13,100 in the 2
individuals
326-2,390 ppm in bone ashc
Zipkin et al. 1958

5
27
4
8

1,610-4,920 ppm in bone ashd
1,560-10,800 ppm in bone ashe
4,780-11,000 ppm in bone ashf
1,379 (179) ppm in bone ashg

9

1,775 (313) ppm in bone ashg

59

625.7 (346.5) ppmb,h

Hac et al. 1997

30

0-396 ppmi

Vieira et al. 2005

Previous exposure of 30-38 mg/day, 2-5 years before study.
Mean and standard deviation.
c
Reported as 0.019-0.119% in bone, with ash content of 43.2-68.4%.
d
Reported as 0.100-0.238% in bone, with ash content of 45.9-62.2%.
e
Reported as 0.092-0.548% in bone, with ash content of 32.7-66.7%.
f
Reported as 0.261-0.564% in bone, with ash content of 44.3-62.8%.
g
Mean and standard error of the mean.
h
Reported as µg fluoride per gram bone; appears to be dry weight of bone, not bone ash.
i
Measured by Instrumental Neutron Activation Analysis; appears to be wet weight of bone.
Abbreviations: NA, not available.
b

Eble et al. 1992
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FIGURE 2-4 Urinary fluoride excretion (left) and fasting plasma fluoride concentration (right)
as functions of current daily fluoride intake for individual adults (nine males, five females) aged
18-58 years (data from Teotia et al. 1978).
fluoride exposure might not be reflected immediately in urine or plasma, presumably because of
remobilization of fluoride from resorbed bone.14
Concentrations of salivary fluoride (as excreted by the glands) are typically about twothirds of the plasma fluoride concentration and independent of the salivary flow rate (Rölla and
Ekstrand 1996); fluoride in the mouth from dietary intake or dentifrices also affects the
concentrations measured in whole saliva. Significantly higher concentrations of fluoride were
found in whole saliva and plaque following use of a fluoridated dentifrice versus a nonfluoridated dentifrice by children residing in an area with low fluoride (< 0.1 mg/L) in drinking
water. Concentrations were 15 times higher in whole saliva and 3 times higher in plaque, on
average, 1 hour after use of the dentifrice (Whitford et al. 2005). Whitford et al. (1999b) found
that whole-saliva fluoride concentrations in 5- to 10-year-old children were not significantly
related to those in either plasma or parotid ductal saliva. However, fluoride concentrations in
parotid ductal saliva were strongly correlated to the plasma fluoride concentrations (r = 0.916),
with a saliva-to-plasma fluoride concentration ratio of 0.80 (SE = 0.03, range from 0.61-1.07).
For three-quarters of the study population (13 of 17), the fluoride concentration in parotid ductal
saliva could be used to estimate plasma fluoride concentrations within 20% or less, and the
largest difference was 32%.
Measured fluoride concentrations in human breast milk have been correlated with the
mother’s fluoride intake in some studies (Dabeka et al. 1986) and not well correlated in other

14

For example, following defluoridation of a town’s water supply from 8 mg/L to around 1.3 mg/L (mean daily
fluoride content over 113 weeks), urinary fluoride concentrations in males fell from means of 6.5 (children) and 7.7
(adults) mg/L before defluoridation to 4.9 and 5.1 mg/L, respectively, after 1 week, 3.5 and 3.4 mg/L, respectively,
after 39 weeks, and 2.2 and 2.5 mg/L, respectively, after 113 weeks (Likins et al. 1956). An estimate of current
fluoride intake (as opposed to fluoride balance) from a urine sample during this period would probably have been an
overestimate.
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FIGURE 2-5 Urinary fluoride excretion (left) and concentration (right) as functions of current
daily fluoride intake (top) or body-weight normalized intake (bottom) for individual children (six
boys, five girls) aged 3-6 years (data from Haftenberger et al. 2001).
studies (Spak et al. 1983; Opinya et al. 1991). In general, measurements of fluoride in breast
milk would be of limited use in exposure estimation because of the very low concentrations even
in cases of high fluoride intake, lack of a consistent correlation with the mother’s fluoride intake,
and limitation of use to those members of a population who are lactating at the time of sampling.
Schamschula et al. (1985) found increasing concentrations of fluoride in urine, nails, hair,
and saliva with increasing water fluoride concentration in a sample of Hungarian children, but
fluoride contents were not directly proportional to the water fluoride content. Although means
were significantly different between groups, there was sufficient variability among individuals
within groups that individual values between groups overlapped. Feskanich et al. (1998) used
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FIGURE 2-6 Urinary (left) and serum (right) fluoride concentrations as functions of fluoride
concentration in drinking water. Dark symbols indicate means of groups; vertical lines indicate
1 standard deviation from the mean. Data from Bachinskii et al. (1985; circles), Schamschula et
al. (1985; diamonds), and Czarnowski et al. (1999; triangles). Data from Bachinskii et al.
represent 47 adults (ages 19-59); data from Schamschula et al. represent children aged 14 years;
and data from Czarnowski et al. represent adults (ages 24-77, mean age 50).
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FIGURE 2-7 Urinary (left) and serum (right) fluoride concentrations as functions of estimated
daily fluoride intake (data from Gupta et al. 2001). Dark circles indicate means of groups of 50
children (ages 6-12); vertical lines indicate 1 standard deviation from the mean.
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toenail fluoride as an indicator of long-term fluoride intake and considered it to be a better longterm marker than plasma concentrations.
Whitford et al. (1999a) found a direct relationship between fluoride concentrations in
drinking water and fluoride concentrations in fingernail clippings from 6- to 7-year-old children
with no known fluoride exposure other than from drinking water. In nail samples from one
adult, Whitford et al. (1999a) also found that an increase in fluoride intake was reflected in
fingernail fluoride concentrations approximately 3.5 months later and that toenails had
significantly lower fluoride concentrations than fingernails. Levy et al. (2004) also found higher
fluoride concentrations in fingernails than in toenails in 2- to 6-year old children and showed a
correlation between nail concentrations and dietary fluoride intake (exclusive of fluoride in
toothpaste). Plasma fluoride in these children was not correlated with fluoride in fingernails,
toenails, diet, or drinking water.
In contrast, Corrêa Rodrigues et al. (2004), in samples from 2- to 3-year-old children,
found no significant differences in fluoride concentrations between fingernails and toenails
collected at the same time. An increase in fluoride intake in these children was reflected in nail
samples approximately 4 months later (Corrêa Rodrigues et al. 2004). Most likely, differences in
“lag times” and differences between fingernails and toenails in the same individual reflect
differences in growth rates of the nails due to factors such as age or differences in blood flow.
McDonnell et al. (2004) found a wide variation in growth rates of thumbnails of 2- and 3-yearold children; age, gender, and fluoride exposure had no effect on the growth rates. However, it
was emphasized that, for any study in which it is of interest to estimate the timing of a fluoride
exposure based on measurements of fluoride in nails, the growth rate of the nails should be
measured for each individual.
Czarnowski et al. (1999) found correlations between water fluoride concentrations and
urinary fluoride, fluoride in hair, and bone mineral density measured in 300 people in the Gdánsk
region of Poland. For workers with occupational exposure to airborne fluoride (largely HF),
Czarnowski and Krechniak (1990) found good correlation among groups of workers between
fluoride concentrations in urine and nails (r = 0.99); correlation between concentrations in urine
and hair or hair and nails was also positive but not as good (r = 0.77 and 0.70, respectively). For
individual values, positive correlation was found only between concentrations in urine and nails
(r = 0.73). It was not possible to establish correlations between fluoride concentrations in
biological media and air (Czarnowski and Krechniak 1990).
Measuring the fluoride content of teeth and bones can give an indication of chronic or
cumulative fluoride exposure, although after cessation of fluoride exposure, bone fluoride
concentrations slowly decrease because of resorption of bone. In addition, bone turnover results
in the accumulation of various concentrations of fluoride in different bone types and sites
(Selwitz 1994). Dentin has also been suggested as a reasonably accurate marker for long-term
exposure (Selwitz 1994), although Vieira et al. (2005) found no correlation between bone
fluoride and either enamel or dentin fluoride in persons with exposure to 0.07 or 1.0 mg/L
fluoride in drinking water.
Roholm (1937) reported that the fluoride content in normal teeth varied from 190-300
ppm (0.19-0.30 mg/g) in the total ash, with 5-7 times as much fluoride in the dentin as in the
enamel. Fluoride content in the total ash of teeth from five cryolite workers (employed 8-10
years; three with osteosclerosis) contained 1,100-5,300 ppm (1.1-5.3 mg/g), with the most
carious teeth containing the most fluoride. Roholm (1937) also reported normal bone fluoride
concentrations of 480-2,100 ppm in bone ash (0.48-2.1 mg/g bone ash in ribs), with
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concentrations between 3,100 and 13,100 ppm in bone ash (3.1 and 13.1 mg/g bone ash; varying
with type of bone) in two cryolite workers. Hodge and Smith (1965), summarizing several
reports, listed mean concentrations of bone fluoride in normal individuals between 450-1,200
ppm in bone ash and in people “suffering excessive exposure” to fluorides between 7,500-20,830
ppm in bone ash. More recently, Eble et al. (1992) have reported fluoride concentrations in bone
ash ranging from 378 ppm (16-year old with <0.2 mg/L fluoride in drinking water since infancy)
to 3,708 ppm (79-year old with fluoridated water). A 46-year old female with chronic renal
failure had a fluoride concentration in bone ash of 3,253 ppm (Eble et al. 1992).
The data of Zipkin et al. (1958) shows a good relationship between drinking water
fluoride and the mean percentage of fluoride in bone (iliac crest, rib, and vertebra) for adults in
areas of various fluoride concentrations in drinking water. However, the ranges (Table 2-16; see
also Chapter 3, Figure 3-1) suggest that variability among individuals within groups could be
large, probably reflecting variability in individual fluoride intakes, duration of exposure, and age.
A major disadvantage of measuring bone fluoride is the invasiveness of bone sampling in live
individuals. Although easier to do, X-ray screening for increased bone density should be done
only when the need for information justifies the radiation dose involved; in addition, bone
density might not be related solely to fluoride exposure or to bone fluoride content.
The two most important biomarkers of effect for fluoride are considered to be dental
fluorosis and skeletal fluorosis (ATSDR 2003); these are discussed more fully in Chapters 4 and
5. Dental fluorosis is characterized by mottling and erosion of the enamel of the teeth and is
associated with elevated fluoride intakes during the childhood years when the teeth are
developing. According to the U.S. Public Health Service (PHS 1991), both the percent
prevalence and the increasing severity of dental fluorosis are associated with increasing fluoride
concentration in drinking water (and presumably actual fluoride intake). For “optimally”
fluoridated water (0.7-1.2 mg/L), 22% of children examined in the 1980s showed some fluorosis
(mostly very mild or mild); at water fluoride concentrations above 2.3 mg/L, more than 70% of
children showed fluorosis (PHS 1991; NRC 1993). Some children developed fluorosis even at
the lowest fluoride concentrations (<0.4 mg/L), suggesting that either fluoride intakes are
variable within a population with the same water supply or there is variability in the
susceptibility to fluorosis within populations (or both). Baelum et al. (1987) indicated that 0.03
mg/kg/day might not be protective against dental fluorosis, and Fejerskov et al. (1987) stated that
the borderline dose above which dental fluorosis might develop could be as low as 0.03
mg/kg/day.
Den Besten (1994) described the limitations of using dental fluorosis as a biomarker of
exposure: dental fluorosis is useful only for children less than about 7 years old when the
exposure occurred; the incidence and degree of fluorosis vary with the timing, duration, and
concentration; and there appear to be variations in individual response. Selwitz (1994),
summarizing a workshop on the assessment of fluoride accumulation, also indicated that
variability in response (incidence and severity of dental fluorosis) to fluoride exposure may
result from physiological differences among individuals and that dental fluorosis is not an
adequate biomarker for fluoride accumulation or potentially adverse health effects beyond the
period of tooth formation. Selwitz (1994) did suggest that dental fluorosis could be used as a
biomarker of fluoride exposure in young children within a community over time.
Skeletal fluorosis (see also Chapter 5) is characterized by increased bone mass, increased
radiographic density of the bones, and a range of skeletal and joint symptoms; preclinical
skeletal fluorosis is associated with fluoride concentrations of 3,500-5,500 ppm in bone ash and
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clinical stages I, II, and III with concentrations of 6,000-7,000, 7,500-9,000, and >8,400,
respectively (PHS 1991), although other sources indicate lower concentrations of bone fluoride
in some cases of skeletal fluoride (see Chapter 5). According to the Institute of Medicine, “Most
epidemiological research has indicated that an intake of at least 10 mg/day [of fluoride] for 10 or
more years is needed to produce clinical signs of the milder forms of [skeletal fluorosis]” (IOM
1997). However, the National Research Council (NRC 1993) indicated that crippling (as
opposed to mild) skeletal fluorosis “might occur in people who have ingested 10-20 mg of
fluoride per day for 10-20 years.” A previous NRC report (NRC 1977) stated that a retention of
2 mg of fluoride per day (corresponding approximately to a daily intake of 4-5 mg) “would mean
that an average individual would experience skeletal fluorosis after 40 yr, based on an
accumulation of 10,000 ppm fluoride in bone ash.” Studies in other countries indicate that
skeletal fluorosis might be in part a marker of susceptibility as well as exposure, with factors
such as dietary calcium deficiency involved in addition to fluoride intake (Pettifor et al. 1989;
Teotia et al. 1998).
Hodge and Smith (1965) summarized a number of studies of skeletal fluorosis, including
two that indicated affected individuals in the United States with water supplies containing
fluoride at 4.8 or 8 mg/L. They also stated categorically that “crippling fluorosis has never been
seen in the United States.” The individuals with endemic fluorosis at 4.8 mg/L are referred to
elsewhere as having “radiographic osteosclerosis, but no evidence of skeletal fluorosis” (PHS
1991). In combination with high fluid intake and large amounts of tea, “the lowest drinkingwater concentration of fluoride associated with symptomatic skeletal fluorosis that has been
reported to date is 3 ppm, outside of countries such as India” (NRC 1977).
Both the PHS (1991) and the NRC (1993) indicated that only five cases of crippling
skeletal fluorosis have been reported in the literature in the United States (including one case in a
recent immigrant from an area with fluoride in the drinking water at 3.9 mg/L) (PHS 1991).
These individuals were said to have water supplies ranging from 3.9 to 8.0 mg/L (water fluoride
content given for one of the individuals is actually less than 3.9 mg/L) (PHS 1991). Two of the
individuals had intakes of up to 6 L/day of water containing fluoride at 2.4-3.5 or 4.0-7.8 mg/L
(PHS 1991; NRC 1993); this corresponds to fluoride intakes of up to 14.4-21 or 24-47 mg/day.
Several cases of skeletal fluorosis reported in the US are summarized in Table 2-17.
These reports indicate that a fluoride concentration of 7-8 mg/L for 7 years is sufficient to bring
about skeletal fluorosis (Felsenfeld and Roberts 1991), but skeletal fluorosis may occur at much
lower fluoride concentrations in cases of renal insufficiency (Juncos and Donadio 1972; Johnson
et al. 1979). People who consume instant tea are at increased risk of developing skeletal
fluorosis, especially if they drink large volumes, use extra-strength preparations, or use
fluoridated or fluoride-contaminated water (Whyte et al. 2005).
In summary, selecting appropriate biomarkers for a given fluoride study depends on a
number of factors, as listed above. A major consideration is the time period of interest for the
study (e.g., current or recent exposures versus exposures in childhood versus cumulative
exposures) and whether the intent is to demonstrate differences among groups or to characterize
exposures of specific individuals. Many of the areas for further research identified by a 1994
workshop (Whitford et al. 1994) are still relevant for improving the assessment of fluoride
exposures.

Comments
Dental fluorosis and roentgenographic bone
changes consistent with “systemic
fluorosis,” attributed to the combination of
renal insufficiency and polydipsia (the latter
resulting from the renal disease); reported by
the Mayo Clinic
Fluoride “may have been the cause of
detectable clinical and roentgenographic
effects”
Five of the patients had renal disease of at
least 15 years duration before skeletal
symptoms developed
54-year-old woman in
Well water with fluoride concentration of 7.3- Osteosclerosis, elevated serum alkaline
phosphatase, stiffness of knees and hips (2
Oklahoma
8.2 mg/L (382-429 µmol/L); duration of
years duration), kyphosis
residence at that location, 7 years; prior to
that she had used municipal water at less than Renal insufficiency was not a factor
2 mg/L fluoride; water consumption not
reported, but considered likely to be
“increased” due to hot summers
52-year-old woman in Missouri Daily consumption of 1-2 gallons (3.8-7.6 L) Osteosclerosis, increased bone mineral
density, bone and joint pains
per day of double-strength instant tea made
with unfiltered well water (2.8 mg/L fluoride Intake of fluoride from well water alone was
considered sufficient to cause mild skeletal
in the well water) for close to 10 years;
fluorosis
estimated fluoride intake of 37-74 mg/day
No mention of any renal disease
(11-22 mg/day from well water and 26-52
mg/day from tea)

Exposure Conditions
(a) “high” intake of well water containing
fluoride at 2.6 mg/L since early childhood;
current intake, 7.6 L/day (0.34 mg/kg/day)
(b) 17-year-old girl, 45.65 kg
(b) “high” intake of water containing fluoride
at 1.7 mg/L since infancy; current intake, 4
L/day (0.15 mg/kg/day)
Six renal patients seen at the
Drinking water with 1.7-3 mg/L fluoride;
Mayo Clinic over a several year water consumption not stated, but urine
period (includes the two
volumes of “most” of the patients exceeded 3
patients reported by Juncos and L/day
Donadio)

Study Subjects
(a) 18-year-old boy, 57.4 kg

TABLE 2-17 Case Reports of Skeletal Fluorosis in the United States

Whyte et al. 2005

Felsenfeld and
Roberts 1991

Johnson et al.
1979

Reference
Juncos and
Donadio 1972
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FINDINGS
Table 2-18 summarizes various published perspectives on the significance of given
concentrations of fluoride exposure. Historically, a daily intake of 4-5 mg by an adult (0.0570.071 mg/kg for a 70-kg adult) was considered a “health hazard” (McClure et al. 1945, cited by
Singer et al. 1985). However, the Institute of Medicine (IOM 1997) now lists 10 mg/day as a
“tolerable upper intake” for children > 8 years old and adults, although that intake has also been
associated with the possibility of mild (IOM 1997) or even crippling (NRC 1993) skeletal
fluorosis.
The recommended optimal fluoride intake for children to maximize caries prevention and
minimize the occurrence of dental fluorosis is often stated as being 0.05-0.07 mg/kg/day (Levy
1994; Heller et al. 1999, 2000). Burt (1992) attempted to track down the origin of the estimate
of 0.05-0.07 mg/kg/day as an optimum intake of fluoride but was unable to find it. He
interpreted the available evidence as suggesting that 0.05-0.07 mg/kg/day (from all sources)
“remains a useful upper limit for fluoride intake in children” (see also NRC 1993).
Figure 2-8 shows the average intake of fluoride from all sources estimated in this report
(Table 2-11), with 1 mg/L in drinking water; Figure 2-9 shows the average intake of fluoride
from drinking water alone (Table 2-10), given a fluoride concentration at the MCLG/MCL (4
mg/L). For comparison purposes, an intake of 0.05-0.07 mg/kg/day is indicated on the graphs.
Based on EPA’s estimates of community water consumption by consumers with an
average intake (EPA 2000a), if that water is fluoridated, children less than 6 months old have an
intake at or above 0.05-0.07 mg/kg/day (see Appendix B, Table B-10). Children from 6 months
to 1 year old have similar intakes if their water is fluoridated at 1 or 1.2 mg/L. No other age
groups have that intake at ordinary fluoride concentrations; all age groups reach or exceed that
intake with water at 4 mg/L. For individuals with higher-than-average intake of community
water, intakes for the youngest children (<1 year) might exceed 0.05-0.07 mg/kg/day at all
concentrations of water fluoridation (see Appendix B, Tables B-11, B-12, and B-13); for fluoride
concentrations corresponding to the SMCL (2 mg/L) or MCL (4 mg/L), an intake of 0.05-0.07
mg/kg/day is reached or exceeded by all age groups. Note that the estimates in Appendix B
include only the fluoride contribution from community water (drinking water, plus beverages
and foods prepared with community water at home or in local eating establishments); if
contributions from food, tea, commercial beverages, toothpastes, and other sources are added,
total intakes by individuals will increase accordingly.
Estimates of total exposure (typical or average) shown in Table 2-11 indicate that all
children through age 12 who take fluoride supplements (assuming low water fluoride) will reach
or exceed 0.05-0.07 mg/kg/day. For children not on supplements, nonnursing infants with
fluoride in tap water at ≥0.5 mg/L will exceed 0.05-0.07 mg/kg/day for typical exposures. Also,
children through 5 years old (≥0.5 mg/L in tap water), children 6-12 years old (≥2 mg/L in tap
water), and teenagers and adults (≥4 mg/L in tap water) will exceed 0.05-0.07 mg/kg/day with
typical or average fluoride exposures in terms of water consumption and toothpaste ingestion.
A number of researchers have pointed out both the importance of evaluating individual
fluoride intake from all sources and the difficulties associated with doing so, given the variability
of fluoride content in various foods and beverages and the variability of individual intakes of the
specific items (Clovis and Hargreaves 1988; Nowak and Nowak 1989; Chan et al. 1990;
Stannard et al. 1990, 1991; Weinberger 1991; Toumba et al. 1994; Duperon et al. 1995; Van
Winkle et al. 1995; Chan and Koh 1996; Kiritsy et al. 1996; Warren et al. 1996; Heilman et al.
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TABLE 2-18 Summary of Current and Historical Perspectives on Fluoride Exposure
Exposure,
mg/kg/day
0.0014
0.01-0.04
0.017-0.031
0.017-0.054
0.019-0.033
0.02-0.10
0.038-0.069
0.04-0.07
0.05

Description
“Adequate intake” for children < 6 months olda (0.01 mg/day)
Average daily dietary fluoride intake for children 0-2 years old
residing in nonfluoridated areas (< 0.4 mg/L)
Average daily intake by adults in a fluoridated area (1.2-2.2
mg/day)c
Lower end of “safe and adequate daily dietary intake” for
children 0-10 yearsd (0.1-1.5 mg/day)
Lower end of “safe and adequate daily dietary intake” for
children ≥ 10 years and adultsd (1.5 mg/day)
Average daily dietary fluoride intake for children 1-9 years
residing in fluoridated areas (0.7-1.1 mg/L)
Upper end of “safe and adequate daily dietary intake” for
children ≥ 10 years and adultsd (2.5-4.0 mg/day)
Average daily intake by children in a fluoridated area
“Adequate intake” for all ages above 6 months olda,f

0.10

ATSDR’s minimal risk levelg (chronic duration, based on
increased rate of bone fractures)h
Average daily dietary fluoride intake for children 0-2 years old
residing in fluoridated areas (0.7-1.1 mg/L)
“Optimal” intake to maximize caries prevention and minimize
the occurrence of dental fluorosis
“Useful upper limit for fluoride intake in children”
“Health hazard” for adults (4-5 mg/day)c
EPA’s SMCL (2 mg/l; adult intake)i
EPA’s reference dosej (based on protection of children from
objectionable dental fluorosis)k
Upper end of “safe and adequate daily dietary intake” for
children 0-10 years oldd (0.5-2.5 mg/day)
“Tolerable upper intake”l for ages 0-8a (0.7-2.2 mg/day)

0.10
0.11

EPA’s SMCL (2 mg/L; child intake)m
EPA’s MCLG and MCL (4 mg/L; adult intake)n

0.13-0.18

“Tolerable upper intake”o for ages ≥ 14a (10 mg/day)

0.2

EPA’s MCLG and MCL (4 mg/L; child intake)p

0.25

“Tolerable upper intake”o for ages 9-13a (10 mg/day)

0.05
0.05-0.13
0.05-0.07
0.05-0.07
0.057-0.071
0.057
0.06
0.083-0.13

a

Reference
IOM 1997; ADA
2005
IOM 1997b
NRC 1993
NRC 1989b
NRC 1989b
McClure 1943e
NRC 1989b
NRC 1993
IOM 1997; ADA
2005
ATSDR 2003
IOM 1997b
Levy 1994; Heller et
al. 1999, 2000
Burt 1992
McClure et al. 1945
40CFR 143.3[2001]
EPA 1989
NRC 1989b
IOM 1997; ADA
2005
40CFR 143.3 [2001]
40CFR
141.62(b)[2001]
IOM 1997; ADA
2005
40CFR
141.62(b)[2001]
IOM 1997; ADA
2005

Based on intakes and average body weights listed by IOM (1997) and ADA (2005); see Table B-17 in Appendix B.
Summaries of papers published between 1979 and 1988 (IOM 1997).
c
Based on a 70-kg adult.
d
Based on intakes and median weights listed by NRC (1989b); see Table B-16 in Appendix B.
e
Summarized by IOM (1997).
b
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f

Range, 0.045-0.056 mg/kg/day.
A minimal risk level (MRL) is an estimate of the daily human exposure to a hazardous substance that is likely to be
without appreciable risk of adverse noncancer health effects over a specified duration of exposure (ATSDR 2003).
h
The ATSDR (2003) states that an intermediate-duration MRL derived from a study of thyroid effects in rats would
have been lower (more protective) than the chronic-duration MRL of 0.05, but the value of that MRL is not given.
i
Based on intake of 2 L/day by a 70-kg adult of water containing fluoride at 2 mg/L.
j
Reference dose (RfD) is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral
exposure to the human population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious effects during a lifetime (EPA 1989).
k
Based on a fluoride concentration of 1 mg/L in drinking water; the RfD for fluoride contains no uncertainty factor
or modifying factor, although RfDs for other substances contain uncertainty factors to account for things such as
variability within the human population (EPA 2003b).
l
Based on moderate enamel fluorosis (IOM 1997).
m
Based on intake of 1 L/day by a 20-kg child of water containing fluoride at 2 mg/L.
n
Based on intake of 2 L/day by a 70-kg adult of water containing fluoride at 4 mg/L.
o
Based on skeletal fluorosis for adults and children ≥ age 9 (IOM 1997).
p
Based on intake of 1 L/day by a 20-kg child of water containing fluoride at 4 mg/L.
g
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All infants (<1 yr)
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FIGURE 2-8 Estimated average intake of fluoride from all sources, at 1 mg/L in drinking water
(based on Table 2-11). Horizontal lines indicate an intake of 0.05-0.07 mg/kg/day.
1997, 1999; Heller et al. 1999; Levy and Guha-Chowdhury 1999; Lalumandier and Ayers 2000).
However, as shown in Figure 2-1, for typical individuals, the single most important contributor
to fluoride exposures (approaching 50% or more) is fluoridated water and other beverages and
foods prepared or manufactured with fluoridated water.
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FIGURE 2-9 Estimated average intake of fluoride from drinking water alone, based on a
fluoride concentration of 4 mg/L (MCLGl/MCL; based on Table 2-10). Horizontal lines indicate
an intake of 0.05-0.07 mg/kg/day.
RECOMMENDATIONS
• Fluoride should be included in nationwide biomonitoring surveys and nutritional studies
(e.g., CDC’s National Health and Nutrition Examination Survey and affiliated studies). In
particular, analysis of fluoride in blood and urine samples taken in these surveys would be
valuable.
• National data on fluoridation (e.g., CDC 1993) should be updated on a regular basis.
• Probabilistic analysis should be performed for the uncertainty in estimates of individual
and group exposures and for population distributions of exposure (e.g., variability with respect to
long-term water consumption). This would permit estimation of the number of people exposed
at various concentrations, identification of population subgroups at unusual risk for high
exposures, identification or confirmation of those fluoride sources with the greatest impact on
individual or population exposures, and identification or characterization of fluoride sources that
are significant contributors to total exposure for certain population subgroups.
• To assist in estimating individual fluoride exposure from ingestion, manufacturers and
producers should provide information on the fluoride content of commercial foods and
beverages.
• To permit better characterization of current exposures from airborne fluorides, ambient
concentrations of airborne hydrogen fluoride and particulates should be reported on national and
regional scales, especially for areas of known air pollution or known sources of airborne

72

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

fluorides. Additional information on fluoride concentrations in soils in residential and
recreational areas near industrial fluoride sources also should be obtained.
• Additional studies on the relationship between individual fluoride exposures and
measurements of fluoride in tissues (especially bone and nails) and bodily fluids (especially
serum and urine) should be conducted. Such studies should determine both absolute intakes
(mg/day) and body-weight normalized intakes (mg/kg/day).
• Assumptions about the influence of environmental factors, particularly temperature, on
water consumption should be reevaluated in light of current lifestyle practices (e.g., greater
availability of air conditioning, participation in indoor sports).
• Better characterization of exposure to fluoride is needed in epidemiology studies
investigating potential effects. Important exposure aspects of such studies would include the
following:
– collecting data on general dietary status and dietary factors that could influence
exposure or effects, such as calcium, iodine, and aluminum intakes
– characterizing and grouping individuals by estimated (total) exposure, rather
than by source of exposure, location of residence, fluoride concentration in drinking
water, or other surrogates
– reporting intakes or exposures with and without normalization for body weight
(e.g., mg/day and mg/kg/day)
– addressing uncertainties associated with exposure, including uncertainties in
measurements of fluoride concentrations in bodily fluids and tissues
– reporting data in terms of individual correlations between intake and effect,
differences in subgroups, and differences in percentages of individuals showing an effect
and not just differences in group or population means.
• Further analysis should be done of the concentrations of fluoride and various fluoride
species or complexes (especially fluorosilicates and aluminofluorides) present in tap water, using
a range of water samples (e.g., of different hardness and mineral content). Research also should
include characterizing any changes in speciation that occur when tap water is used for various
purposes—for example, to make acidic beverages.
2• The possibility of biological effects of SiF6 , as opposed to free fluoride ion, should be
examined.
• The biological effects of aluminofluoride complexes should be researched further,
including the conditions (exposure conditions and physiological conditions) under which the
complexes can be expected to occur and to have biological effects.

3
Pharmacokinetics of Fluoride

This chapter updates pharmacokinetic information on fluoride developed since the earlier
National Research Council review (NRC 1993). Particular attention is given to several
potentially important issues for evaluation of the U.S. Environmental Protection Agency (EPA)
maximum-contaminant-level goal (MCLG), including the accumulation of fluoride in bone,
pharmacokinetic modeling, cross-species extrapolation, and susceptible populations.
Consideration of biomarkers is provided in Chapter 2.
OVERVIEW OF FLUORIDE CHEMISTRY, UNITS, AND MEASUREMENT
Fluoride is the ionic form of fluorine, the most electronegative element. Water in the
United States is typically fluoridated with fluorosilicates or sodium fluoride. In water at
approximately neutral pH, fluorosilicates appear to entirely dissociate, producing fluoride ion,
hydrofluoric acid (HF), and silicic acid (Si(OH)4). Fluoride reversibly forms HF in water. It
also complexes with aluminum. See Chapter 2 for additional discussion of fluorosilicates and
aluminum fluoride complexes.
Inorganic fluoride takes two primary forms in body fluids: fluoride ion and HF.
Organofluorine compounds, and their potential relationship to inorganic fluoride, are discussed
in Chapter 2 and later in this chapter.
A number of different units are commonly used to measure fluoride concentrations in
water and biological samples (Table 3-1). Because the atomic weight of fluorine is 19, 1 µmol/L
is equal to 0.019 milligrams per liter (mg/L). Bone ash is typically about 56% of wet bone by
weight (Rao et al. 1995), so 1,000 milligrams per kilogram (mg/kg) of fluoride in bone ash is
equivalent to about 560 mg/kg wet weight.
TABLE 3-1 Commonly Used Units for Measuring Fluoride
Medium
Water
Plasma
Bone ash

Unit
1 ppm
1 µmol/L
1 ppm

Equivalent
1 mg/L
0.019 mg/L
1 mg/kg
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Fluoride concentrations in body fluids typically are measured with a fluoride-specific
electrode, an instrument that cannot reliably measure concentrations below about 0.019 mg/L
and tends to overpredict at lower concentrations. As many people living in areas with artificially
fluoridated water have plasma concentrations in this range, studies that rely on fluoride
electrodes alone might tend to overpredict concentrations in plasma and body fluids. The
hexamethyldisiloxane diffusion method provides a way around this problem by concentrating the
fluoride in samples before analysis (reviewed by Whitford 1996).
SHORT REVIEW OF FLUORIDE PHARMACOKINETICS:
ABSORPTION, DISTRIBUTION, AND ELIMINATION
A comprehensive review of fluoride pharmacokinetics is provided by Whitford (1996),
and this section presents a brief overview of that information. The pharmacokinetics of fluoride
are primarily governed by pH and storage in bone. HF diffuses across cell membranes far more
easily than fluoride ion. Because HF is a weak acid with a pKa of 3.4, more of the fluoride is in
the form of HF when pH is lower. Consequently, pH—and factors that affect it—play an
important role in the absorption, distribution, and excretion of fluoride. Fluoride is readily
incorporated into calcified tissues, such as bone and teeth, substituting for hydroxyls in
hydroxyapatite crystals. Fluoride exchanges between body fluids and bone, both at the surface
layer of bone (a short-term process) and in areas undergoing bone remodeling (a longer-term
process). Most of the fluoride in the body, about 99%, is contained in bone.
Fluoride is well absorbed in the alimentary tract, typically 70% to 90%. For sodium
fluoride and other very soluble forms, nearly 100% is absorbed. Fluoride absorption is reduced
by increased stomach pH and increased concentrations of calcium, magnesium, and aluminum.
At high concentrations, those metals form relatively insoluble fluoride salts. A recent study
comparing hard and soft water found little difference in fluoride bioavailability in healthy young
volunteers (Maguire et al. 2004). Fluoride can increase the uptake of aluminum into bone (Ahn
et al. 1995) and brain (Varner et al. 1998).
Fluoride concentrations in plasma, extracellular fluid, and intracellular fluid are in
approximate equilibrium. The concentrations in the water of most tissues are thought to be 40%
to 90% of plasma concentrations, but there are several important exceptions. Tissue fluid/plasma
(T/P) ratios exceed one for the kidney because of high concentrations in the renal tubules. T/P
ratios can exceed one in tissues with calcium deposits, such as the placenta near the end of
pregnancy. The pineal gland, a calcifying organ that lies near the center of the brain but outside
the blood-brain barrier, has been found to accumulate fluoride (Luke 2001). Fluoride
concentrations in adipose tissue and brain are generally thought to be about 20% of plasma or
less (Whitford 1996). The blood-brain barrier is thought to reduce fluoride transfer, at least in
short-term experiments (Whitford 1996). It is possible that brain T/P ratios are higher for
exposure before development of the blood-brain barrier.
Most tissue measurements are based on short-term exposures of healthy adult animals.
Similar T/P ratios have been found for liver and kidney in some chronic animal experiments
(Dunipace et al. 1995), but not all organs have been examined. The literature contains some
unexplained exceptions to these T/P generalizations (Mullenix et al. 1995; Inkielewicz and
Krechniak 2003). Mullenix et al. (1995) reported atypically high, dose-dependent T/P ratios for
the rat brain: more than 20 for control animals and about 3 for animals exposed to fluoride at 125
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mg/L in drinking water for 20 weeks. Because these T/P ratios for brain are much higher than
earlier results, Whitford (1996) speculated that the results of Mullenix et al. were due to
analytical error. Additional measurements of fluoride tissue concentrations after chronic dosing
are needed.
Fluoride is cleared from plasma through two primary mechanisms: uptake by bone and
excretion in urine. Plasma clearance by the two routes is approximately equal in healthy adult
humans. (Plasma clearance is the volume of plasma from which fluoride is removed per unit
time. The rate of removal equals the clearance times the plasma fluoride concentration.
Clearances are additive.) The relative clearance by bone is larger in young animals and children
because of their growing skeletal systems. “In contrast to the compact nature of mature bone, the
crystallites of developing bone are small in size, large in number and heavily hydrated. Thus,
they afford a relatively enormous surface area for reactions involving fluoride” (Whitford 1996,
p. 94). Experimental work in growing dogs demonstrates that extrarenal clearance, almost
entirely uptake by bone, is inversely related to age. Renal clearance depends on pH and
glomerular filtration rate. At low pH, more HF is formed, promoting reabsorption Excretion of
previously absorbed fluoride from the body is almost entirely via urine. Fluoride not absorbed
by the gut is found in feces. High concentrations of calcium in contents of the gastrointestinal
tract can cause net excretion of fluoride.
Fluoride is rapidly absorbed from the gastrointestinal tract, with a half-life of about 30
minutes. After a single dose, plasma concentrations rise to a peak and then fall as the fluoride is
cleared by the renal system and bone, decreasing back to (short-term) baseline with a half-life of
several hours. Fluoride concentrations in plasma are not homeostatically controlled (Whitford
1996). Chronic dosing leads to accumulation in bone and plasma (although it might not always
be detectable in plasma.) Subsequent decreases in exposure cause fluoride to move back out of
bone into body fluids, becoming subject to the same kinetics as newly absorbed fluoride. A
study of Swiss aluminum workers found that fluoride bone concentrations decreased by 50%
after 20 years. The average bone ash concentration in the workers was about 6,400 mg/kg at the
end of exposure, estimated via regression (Baud et al. 1978). The bone concentration found in
these workers is similar to that found in long-term consumers of drinking water containing
fluoride in the range of 2-4 mg/L (discussed later in this chapter). Twenty years might not
represent a true half-life. Recent pharmacokinetic models (see below) are nonlinear, suggesting
that elimination rates might be concentration dependent.
PHARMACOKINETIC MODELS
Pharmacokinetic models can be useful for integrating research results and making
predictions. Two important fluoride models have been published since the 1993 NRC review.
Turner et al. (1993) modeled bone concentrations in healthy adult humans. They assumed a
nonlinear function relating the concentrations of fluoride in newly formed bone to
plasma/extracellular fluids. The relationship is close to linear until bone ash concentrations
reach about 10,000 mg/kg; above that concentration the curve levels off. (Based on the chemical
structure of fluorapatite, Ca10(PO4)6F2, the theoretical limit on bone fluoride concentration is
37,700 mg/kg.) The model was relatively successful at predicting fluoride bone concentrations
due to chronic exposure compared with experimental data—for example, the human bone
measurements of Zipkin et al. (1958). Bone fluoride concentrations were predicted to increase
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approximately linearly as a function of water concentration, at least up to 4 mg/L. The most
sophisticated model to date (Rao et al. 1995) extended this work with a physiologically based
pharmacokinetic (PBPK) model. Among other features, it models change in body weight,
plasma clearance, and bone uptake as a function of sex and age, allowing predictions for lifetime
exposures. It can model both rats and humans, making it useful for comparing these species.
Predicted bone concentrations were comparable with data from several studies of humans,
including the study by Zipkin et al. (1958), and two rat carcinogenicity studies (Maurer et al.
1990; Bucher et al. 1991). Both models predicted increasing fluoride concentrations in bone
with length of chronic exposure. None of these studies presented results for plasma.
Both models also performed well in predicting bone concentrations of fluoride resulting
from osteoporosis treatment, involving about 25 mg of fluoride per day for up to 6 years. This
suggests that the models can adequately predict the results of both long-term lower exposures
(drinking water) and shorter-term, higher exposures (treatment regimes) by changing exposure
assumptions.
The PBPK model of Rao et al. (1995) could be used in several ways, including (1)
predicting bone concentrations in people after lifetime exposures to assumed water
concentrations or other exposure scenarios, and (2) comparing plasma and bone fluoride
concentrations in rats and humans with the same exposure. The Rao model is quite complicated
and relies on several numerical functions not provided in the paper. The Turner model is more
limited in scope, unable to compare species or take sex- and age-related effects into account, but
it is much simpler. Not enough detail on either model was available to replicate them nor was
the committee able to obtain operational versions of the models.
FLUORIDE CONCENTRATIONS IN HUMAN
BONE VERSUS WATER CONCENTRATION
Remarkably few data are available for studying the association between fluoride in
human bone and low-dose chronic exposure via drinking water. Although there are a number of
cross-sectional studies comparing bone concentrations with water concentrations, very few
contain estimates of length of exposure. Most studies are autopsies, as bone samples can be
difficult to obtain from healthy living subjects. Among studies examining exposure to fluoride at
4 mg/L, Zipkin et al. (1958) provided the only data set that included exposure durations. The
results of that study were also modeled by Turner et al. (1993) and Rao et al. (1995). Sixty-three
of the 69 subjects, aged 26 to 90, died suddenly, primarily due to trauma, cardiovascular disease,
and cerebrovascular causes; three had renal disease. The authors recorded concentrations of
fluoride in drinking water and bone as well as sex, age, and years of residence. Compared with
today, many other sources of fluoride exposure were uncommon or did not exist. The average
residence time for the whole study was 31 years, 34 years for the 2.6-mg/L group and 21 years
for the 4-mg/L group. Exposure took place for most people as adults. No estimates of water
consumption are provided: water concentration serves as an ecologic measure of exposure.
Table 3-2 summarizes data on fluoride content of the iliac crest, the bone modeled by
Turner et al. and Rao et al. Zipkin et al. concluded that average bone fluoride concentrations
were linearly related to water concentration. (As discussed in Appendix C, this analysis is fully
ecologic). The committee regressed individual-level bone concentrations versus water
concentrations (a group measure of exposure) and individual-level covariates such as age. (This
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analysis is partially ecologic.) Figure 3-1 plots bone versus water concentrations and the result
of simple regression with no covariates. (Note the apparent heteroscedasticity.) The model was
improved by including residence years and sex; age had little additional impact and was omitted
in the final model (Table 3-3).
Several cross-sectional studies have found an association between fluoride bone
concentrations and age (Jackson and Weidmann 1958; Kuo and Stamm 1974; Parkins et al.
1974; Charen et al. 1979; Alhava et al. 1980; Eble et al. 1992; Richards et al. 1994; Torra et al.
1998). Jackson and Weidmann (1958) were unusual in finding a leveling off at an older age.
But most studies did not have information on length of exposure, a variable often correlated with
age (R = 0.41 in the Zipkin data set). Because of the potential for rapid fluoride uptake by bones
during childhood, the committee modeled exposure before puberty with an indicator variable, but
this added little to the model. Very few data are available on bone fluoride concentrations in
children. Most studies do not distinguish between trabecular and cortical bone, although the
former have higher fluoride concentrations (Eble et al. 1992).
TABLE 3-2 Fluoride in Bone Due to Chronic Water Exposurea

a

Water Concentration, mg/L
0.1
1
2.6
4
Total

Average Iliac Crest Concentration, mg/kg Ash
665 ± 224 (n = 17)
2,249 ± 506 (n = 4)
4,496 ± 2015 (n = 25)
6,870 ± 1629 (n = 4)
3,203 (n = 50)

Fifty-three subjects had data for the iliac crest; 3 from the 0.2- and 0.3-mg/L groups are omitted because they were
also exposed to fluoridated water for 2 to 4 years.
Source: Zipkin et al. (1958).
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FIGURE 3-1 Illiac crest data from Zipkin et al. (1958). Crude regression results: y = 517 +
1549x; (r2 = 0.66); slope = 1549 (95% confidence interval [CI] = 1227, 1872).
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TABLE 3-3 Multiple Regression Results for Zipkin Data
Intercept
Water fluoride
Residence, years
Sex (M = 0)

Coefficient
-556 mg/kg
1527
26.5 mg/kg/year
663 mg/kg

95% CI
(-1,512, 401)
(1,224, 1,831)
(7.48, 45.5)
(-148, 1,475)

P value
0.25
2.7 × 10-13
0.007
0.11

The model in Table 3-3 indicates that fluoride bone concentrations increased with
fluoride water concentrations and residence time; females tended to have higher concentrations
than males. These results need to be interpreted with caution. Some subjects had renal disease,
which can sometimes increase fluoride concentrations (see discussion below), potentially
reducing the generalizability of the results to a healthier population. The committee’s analysis is
partially ecologic (Appendix C). However, the Turner and Rao pharmacokinetic models also
predict that fluoride bone concentrations increase with water concentration and duration of
chronic exposure.
What bone fluoride concentration occurs after 70 years of exposure to water at 4 mg/L?
The multiple regression model predicts about 8,100 mg/kg ash for females, within the range of
the data set used to construct the model but near its maximum. Few people studied by Zipkin et
al. were exposed for 70 years and only four were exposed at 4 mg/L. Fluoride is taken up by
bone more rapidly during growth than in adulthood. This phenomenon, not addressed by the
regression model, could cause the model to underpredict. Only the model of Rao et al. was
constructed to examine lifetime exposure. Assuming 70 years of exposure at 4 mg/L in water,
Rao et al. predicted fluoride concentrations of 10,000 to 12,000 mg/kg in bone ash for females.
Even higher values would be predicted if other sources of fluoride exposure were included. This
prediction lies beyond the range of the human data used to check the model, but it represents the
current best estimate. In making this prediction, the authors appear to have assumed
consumption of 1 L of water per day up to age 10 and 2 L/day thereafter. Higher water
consumption rates (e.g., 5 L/day) would further increase bone concentrations of fluoride but by
less than fivefold because of the nonlinear kinetics.
Unfortunately, Rao et al. did not publish predictions for 2 mg/L. The regression model of
Table 3-3 predicts about 5,000 mg/kg ash for females after 70 years of exposure. This value
exceeds the mean value (4,500 mg/kg) observed at 2.6 mg/L in the Zipkin study, primarily
because of the assumed longer time of residence. As this estimate is based on regression
modeling of the Zipkin data, it may underestimate predictions based on pharmacokinetic
modeling or additional sources of exposure. The committee located only a few other studies that
measured bone fluoride at similar water concentrations. A British study found bone
concentrations of about 5,700 mg/kg ash in people chronically exposed to water with fluoride at
1.9 mg/L; these people are also thought to be exposed to fluoride in tea (Jackson and Weidmann
1958; see Turner et al 1993 for unit conversions). In an area of rural Finland with fluoride in
drinking water exceeding 1.5 mg/L, the average bone concentrations from 57 autopsies were
3,490 mg/kg ash in females and 2,830 mg/kg ash in males (Arnala et al. 1985). Most had lived
their whole lives in the same place, most were over 50, and 7 had impaired renal function. For
16, fluoride concentrations were measured in the water sources (2.6 ± 1.4 mg/L); bone
concentrations were 4,910 ± 2,250 mg/kg ash. In a later study of the same area of Finland, the
mean bone concentration in 18 hip fracture patients was 3,720 ± 2,390 mg/kg, assumed to be ash
(Arnala et al. 1986). The mean age was 79, 14 were female, 3 had diabetes, and 1 had elevated
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serum creatinine; residence time was not specified. For people exposed to fluoride at 2 mg/L in
drinking water for a lifetime, the committee concludes that average bone concentration can be
expected to be in the range of 4,000 to 5,000 mg/kg ash. Considerable variation around the
average is expected.
FLUORIDE CONCENTRATIONS IN BONES AFTER CLINICAL STUDIES
A number of clinical studies measured bone fluoride concentrations after therapeutic
treatment (van Kesteren et al. 1982; Boivin et al. 1988; Bayley et al. 1990; Gutteridge et al.
1990; Orcel et al. 1990; Boivin et al. 1993; Søgaard et al. 1994; Lundy et al. 1995). Figure 3-2
summarizes these data, plotting fluoride concentrations in bone ash after treatment versus total
exposure from the studies. The weighted least squares (WLS) regression line weighted points
according to the number of participants in each trial (see Appendix C). Note that the two points
farthest above the regression line (Bayley et al. 1990; Lundy et al. 1995) were from studies
carried out in Toronto and Minnesota, presumably fluoridated areas; most (possibly all) of the
other studies were conducted in European countries that do not fluoridate water. The two points
farthest below the line delivered fluoride in a form designed to reduce bioavailability (Boivin et
al. 1988, Turner et al. 1993). This analysis is ecologic, plotting average bone concentrations
versus total exposure. However, analysis of individual-level data in two studies (van Kesteren et
al. 1982; Gutteridge et al. 1990) provides similar results.
Because the pharmacokinetics of fluoride are nonlinear, we would not necessarily expect
people with the same cumulative exposure to have the same bone fluoride concentrations.
Indeed, the model may overpredict bone concentrations for long-term exposure to lower fluoride
concentrations via water. Figure 3-2 also shows the average bone ash concentrations measured
by Zipkin et al. for fluoride at 4 mg/L plotted against estimated total exposure. The latter was
estimated assuming consumption of 1.51 L of water per day (Turner et al. 1993) and 21 years of
exposure to fluoride in the 4-mg/L area. (The Zipkin study reported residence time and water
concentrations but not water consumption.) While not completely out of range, the bone
concentration is lower than expected based on the regression for the clinical data. Analysis of
Turner’s pharmacokinetic model (Turner et al. 1993) suggests that short-term (months to years),
high-dose exposures may produce higher bone fluoride concentrations than long-term (decades),
low-dose exposures. More time means more bone resorption, allowing a greater fraction of the
total fluoride dose to be excreted. Additional research on this topic would be useful.
More detailed information on fluoride’s effects on bone cells and bone formation is
presented in Chapter 5.
COMPARATIVE PHARMACOKINETICS OF RATS AND HUMANS
Among animal species, fluoride toxicology has been studied most extensively in rats.
When extrapolating from rats to humans, it is useful to consider their relative pharmacokinetics.
There are at least two ways to do this. Bone, tissue, or plasma concentrations may provide an
appropriate biomarker of internal exposure for some effects. Alternatively, one can compare
plasma, tissue, and bone concentrations in rats and humans given the same dose.
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FIGURE 3-2 Bone fluoride concentrations versus total exposure in clinical trials. For
comparison, the average bone concentration found by Zipkin et al. (1958) among subjects
drinking water with fluoride at 4 mg/L is provided.
Our knowledge of the comparative pharmacokinetics of fluoride is primarily limited to
short-term studies of a small number of mammals. Using estimates of plasma, renal, and
extrarenal fluoride clearances scaled to body weight, Whitford et al. (1991) concluded that dogs
were the best pharmacokinetic model for humans, based on studies of healthy young adults. In
contrast, renal clearance in rats (age 12 weeks) was more than three times larger than in humans;
rat extrarenal clearance was about twice as large (Whitford et al. 1991). Unlike humans, rat
bones do not undergo Haversian remodeling (remodeling along channels within the bone).
Fluoride uptake by the bones of adult rats should be minimal (Turner et al. 1995).
Comparisons between species—and within species for different experiments—are
complicated by several factors. With chronic exposure, fluoride bone concentrations tend to
increase over time. The amount of calcium in the diet affects the amount of fluoride absorbed.
The dose of fluoride can depend on the concentration of fluoride in water, water consumption,
and the amount of fluoride in the diet. If fluoride concentration is kept constant in water, dose
can vary as the animal ages. Species age at different rates, and age affects pharmacokinetics,
especially bone development and kidney function.
Evidence suggests that rats require higher chronic exposure than humans to achieve the
same plasma and bone fluoride concentrations. It has been suggested that rats might require
water concentrations about five times larger than humans to reach the same plasma concentration
(Dunipace et al. 1995). For bone, Turner et al. (1992) estimated that “humans incorporate
fluoride ~18 times more readily than rats when the rats are on a normal calcium diet.” This
comparison was also based on water concentrations. In Appendix D, this issue is briefly
reviewed. The factor for plasma is uncertain, in part because it could change with age or
duration of dose. It might be more appropriate to compare exposures than water concentration.
Bone comparisons are also uncertain but appear to support a rat-to-human conversion factor for
older rats and humans of at least an order of magnitude.
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ORGANOFLUORINE COMPOUNDS
Two types of fluorine are found in human plasma: inorganic and organic. Up to now, this
chapter has discussed the inorganic form. Remarkably, the amount of organic fluoride in serum
is generally greater than the amount of inorganic fluoride (Whitford 1996). Interest in
organofluorine compounds has grown tremendously in the last decade. Two compounds (and
their salts) dominate recent biological research: perfluorooctanesulfonate (PFOS; C8F17SO3−) and
perfluorooctanoate (PFOA; C7F15COO−). Both are straight-chain compounds with fluorine
substituted for aliphatic hydrogens. These compounds are biologically stable with long halflives, on the order of years, in humans. Relatively little is known about the routes of human
exposure. A recent study of American Red Cross adult blood donors found median serum
concentrations of 35 µg/L of PFOS and 5 µg/L of PFOA (Olsen et al. 2003).
Defluorination of PFOA has not been detected in rat experiments (Vanden Heuvel et al.
1991; Kudo and Kawashima 2003). Given the stability of PFOA and PFOS, they do not appear
to be important sources of inorganic fluoride, although more research is needed, particularly for
PFOS. Degradation of other fluorocarbons might produce fluoride ion. Perfluorooctanesulfonyl
fluoride (POSF, C8F17SO2F) is used as a starting material for manufacturing polymers and
surfactants. Residual POSF in products “may degrade or metabolize, to an undeterminate
degree” to PFOS (Olsen et al. 2004, p. 1600). Certain anesthetics release fluoride ion during use
(see Chapter 2).
FACTORS MODIFYING PHARMACOKINETICS AND THEIR
IMPLICATIONS FOR POTENTIALLY SUSCEPTIBLE POPULATIONS
Changes in chronic exposure to fluoride will tend to alter plasma and bone fluoride
concentrations. A number of factors can modify the pharmacokinetics, providing another way to
change fluoride tissue concentrations.
Fluoride clearance tends to increase with urinary pH. One proposed mechanism is
decreased reabsorption in the renal tubule, easily crossed by HF and nearly impermeable to
fluoride ion. Increasing urinary pH thus tends to decrease fluoride retention. As a result,
fluoride retention might be affected by environments or conditions that chronically affect urinary
pH, including diet, drugs, altitude, and certain diseases (e.g., chronic obstructive pulmonary
disease) (reviewed by Whitford 1996).
Because of their growing skeleton, infants and children clear relatively larger amounts of
fluoride into bones than adults (Ekstrand et al. 1994; Whitford 1999). As discussed earlier,
fluoride plasma and bone concentrations tend to increase with age. Although this trend is partly
due to accumulation over time, decreased renal clearance and differences in bone resorption
(preferential removal of cystallites with little or no fluoride in the elderly have been hypothesized
to play a role.
Because the kidney is the major route of excretion, increased plasma and bone fluoride
concentrations are not surprising in patients with kidney disease. Plasma fluoride concentrations
are clearly elevated in patients with severely compromised kidney function, reduced glomerular
filtration rates of around 20% of normal, as measured via creatinine clearance or serum
creatinine concentrations (Hanhijärvi 1974, 1982; Parsons et al. 1975; Schiffl and Binswanger
1980; Waterhouse et al. 1980; Hanhijärvi and Penttilä 1981). Kuo and Stamm (1975) found no
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association. However, elevated serum concentrations were found in renal patients with normal
serum creatinine (Hanhijärvi 1982).
Only a few studies have examined fluoride concentrations in bone in renal patients. Call
et al. (1965) found doubled bone fluoride concentrations in five patients with chronic, severe
kidney disease. Juncos and Donadio (1972) diagnosed systemic fluorosis (but did not measure
bone fluoride concentrations) in two patients with reduced renal function and exposure to
drinking water with fluoride at 1.7 and 2.6 mg/L. Four renal patients with severe skeletal
changes or bone pain had elevated serum and bone fluoride concentrations; the bone
concentrations ranged from about 5,500 to 11,000 mg/kg (Johnson et al. 1979). Fluoride bone
concentrations more than doubled in four patients with severe, chronic pyelonephritis (Hefti and
Marthaler 1981). Arnala et al. (1985) reported elevated bone concentrations (roughly 50%) in
six people with “slightly impaired renal function” from a fluoridated area. Bone fluoride
concentrations were significantly increased in dialysis patients compared with normal controls
(Cohen-Solal et al. 2002). In rats with surgically induced renal deficiency (80% nephrectomy),
glomerular filtration rate decreased by 68%. After 6 months of fluoride treatment, bone fluoride
concentrations approximately doubled (Turner et al. 1996).
Hanhijärvi and Pentillä (1981) reported elevated serum fluoride in patients with cardiac
failure. Fluoride concentrations were positively related to serum creatinine, although the
concentrations of the latter did not indicate renal insufficiency. During cardiac failure, the body
tries to maintain blood flow to the heart and brain.
Although some studies report no difference in plasma fluoride concentrations between
men and women (e.g., Torra et al. 1998), others found greater rates of increase with age in
females (Husdan et al. 1976; Hanhijärvi et al. 1981). Enhanced release of fluoride in
postmenopausal women is one possible explanation. Similar to our regression results of the
Zipkin data, some studies have found a tendency toward elevated bone fluoride concentrations in
women (Arnala et al. 1985; Richards et al. 1994). A Finnish study reported that bone fluoride
concentrations increased more rapidly with age in women than in men (Alhava et al. 1980). This
variability might be due to several factors, including individual differences in water consumption
and pharmacokinetics.
In sum, although the data are sparse, severe renal insufficiency appears to increase bone
fluoride concentrations, perhaps as much as twofold. The elderly are at increased risk of high
bone fluoride concentrations due to accumulation over time; although less clear, decreased renal
function and gender may be important.
FINDINGS
• Bone fluoride concentrations increase with both magnitude and length of exposure.
Empirical data suggest substantial variations in bone fluoride concentrations at any given water
concentration.
• On the basis of pharmacokinetic modeling, the current best estimate for bone fluoride
concentrations after 70 years of exposure to fluoride at 4 mg/L in water is 10,000 to 12,000
mg/kg in bone ash. Higher values would be predicted for people consuming large amounts of
water (>2 L/day) or for those with additional sources of exposure. Less information was
available for estimating bone concentrations from lifetime exposure to fluoride in water at 2
mg/L. The committee estimates average bone concentrations of 4,000 to 5,000 mg/kg ash.
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• Groups likely to have increased bone fluoride concentrations include the elderly and

people with severe renal insufficiency.
• Pharmacokinetics should be taken into account when comparing effects of fluoride in
different species. Limited evidence suggests that rats require higher chronic exposures than
humans to achieve the same plasma and bone concentrations.
RESEARCH RECOMMENDATIONS
• Additional research is needed on fluoride concentrations in human bone as a function of

magnitude and duration of exposure, age, gender, and health status. Such studies would be
greatly aided by noninvasive means of measuring bone fluoride. As discussed in other chapters
of this report, some soft tissue effects may be associated with fluoride exposure. Most
measurements of fluoride in soft tissues are based on short-term exposures and some atypically
high values have been reported. Thus, more studies are needed on fluoride concentrations in soft
tissues (e.g., brain, thyroid, kidney) following chronic exposure.
• Research is needed on fluoride plasma and bone concentrations in people with small to
moderate changes in renal function as well as patients with serious renal deficiency. Other
potentially sensitive populations should be evaluated, including the elderly, postmenopausal
women, and people with altered acid-base balance.
• Improved and readily available pharmacokinetic models should be developed.
• Additional studies comparing pharmacokinetics across species are needed.
• More work is needed on the potential for release of fluoride by the metabolism of
organofluorines.

4
Effects of Fluoride on Teeth

In this chapter, the committee reviews research on the occurrence of enamel fluorosis at
different concentrations of fluoride in drinking water, with emphasis on severe enamel fluorosis
and water fluoride concentrations at or near the current maximum contaminant level goal
(MCLG) of 4 mg/L and the secondary maximum contaminant level (SMCL) of 2 mg/L.
Evidence on dental caries in relation to severe enamel fluorosis, aesthetic and psychological
effects of enamel fluorosis, and effects of fluoride on dentin fluorosis and delayed tooth eruption
is reviewed as well. Evidence on caries prevention at water concentrations below the SMCL of 2
mg/L is not reviewed. Strengths and limitations of study methods, including issues pertaining to
diagnosis and measurement, are considered.
ENAMEL FLUOROSIS
Fluoride has a great affinity for the developing enamel because tooth apatite crystals have
the capacity to bind and integrate fluoride ion into the crystal lattice (Robinson et al. 1996).
Excessive intake of fluoride during enamel development can lead to enamel fluorosis, a
condition of the dental hard tissues in which the enamel covering of the teeth fails to crystallize
properly, leading to defects that range from barely discernable markings to brown stains and
surface pitting. This section provides an overview of the clinical and histopathological
manifestations of enamel fluorosis, diagnostic issues, indexes used to characterize the condition,
and possible mechanisms.
Clinical and Histological Features
Enamel fluorosis is a mottling of the tooth surface that is attributed to fluoride exposure
during tooth formation. The process of enamel maturation consists of an increase in
mineralization within the developing tooth and concurrent loss of early-secreted matrix proteins.
Exposure to fluoride during maturation causes a dose-related disruption of enamel mineralization
resulting in widening gaps in its crystalline structure, excessive retention of enamel proteins, and
increased porosity. These effects are thought to be due to fluoride’s effect on the breakdown
rates of matrix proteins and on the rate at which the byproducts from that degradation are
withdrawn from the maturing enamel (Aoba and Fejerskov 2002).

85

86

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

Clinically, mild forms of enamel fluorosis are evidenced by white horizontal striations on
the tooth surface or opaque patches, usually located on the incisal edges of anterior teeth or cusp
tips of posterior teeth. Opaque areas are visible in tangential reflected light but not in normal
light. These lesions appear histopathologically as hypomineralization of the subsurface covered
by a well-mineralized outer enamel surface (Thylstrup and Fejerskov 1978). In mild fluorosis,
the enamel is usually smooth to the point of an explorer, but not in moderate and severe cases of
the condition (Newbrun 1986). In moderate to severe forms of fluorosis, porosity increases and
lesions extend toward the inner enamel. After the tooth erupts, its porous areas may flake off,
leaving enamel defects where debris and bacteria can be trapped. The opaque areas can become
stained yellow to brown, with more severe structural damage possible, primarily in the form of
pitting of the tooth surface.
Enamel in the transitional or early maturation stage of development is the most
susceptible to fluorosis (DenBesten and Thariani 1992). For most children, the first 6 to 8 years
of life appear to be the critical period of risk. In the Ikeno district of Japan, where a water supply
containing fluoride at 7.8 mg/L was inadvertently used for 12 years, no enamel fluorosis was
seen in any child who was age 7 years or older at the start of this period or younger than 11
months old at the end of it (Ishii and Suckling 1991). For anterior teeth, which are of the most
aesthetic concern, the risk period appears to be the first 3 years of life (Evans and Stamm 1991;
Ishii and Suckling 1991; Levy et al. 2002a). Although it is possible for enamel fluorosis to occur
when teeth are exposed during enamel maturation alone, it is unclear whether it will occur if
fluoride exposure takes place only at the stage of enamel-matrix secretion. Fejerskov et al.
(1994) noted that fluoride uptake into mature enamel is possible only as a result of concomitant
enamel dissolution, such as caries development. Because the severity of fluorosis is related to
the duration, timing, and dose of fluoride intake, cumulative exposure during the entire
maturation stage, not merely during critical periods of certain types of tooth development, is
probably the most important exposure measure to consider when assessing the risk of fluorosis
(DenBesten 1999).
Mechanisms
Dental enamel is formed by matrix-mediated biomineralization. Crystallites of
hydroxyapatite (Ca10(PO4)6(OH)2) form a complex protein matrix that serves as a nucleation site
(Newbrun 1986). The matrix consists primarily of amelogenin, proteins synthesized by secretory
ameloblasts that have a functional role in establishing and maintaining the spacing between
enamel crystallites. Full mineralization of enamel occurs when amelogenin fragments are
removed from the extracellular space. The improper mineralization that occurs with enamel
fluorosis is thought to be due to inhibition of the matrix proteinases responsible for removing
amelogenin fragments. The delay in removal impairs crystal growth and makes the enamel more
porous (Bronckers et al. 2002). DenBesten et al. (2002) showed that rats exposed to fluoride in
drinking water at 50 or 100 mg/L had lower total proteinase activity per unit of protein than
control rats. Fluoride apparently interferes with protease activities by decreasing free Ca2+
concentrations in the mineralizing milieu (Aoba and Fejerskov 2002).
Matsuo et al. (1998) investigated the mechanism of enamel fluorosis in rats administered
sodium fluoride (NaF) at 20 mg/kg by subcutaneous injections for 4 days or at 240 mg/L in
drinking water for 4 weeks. They found that fluoride alters intracellular transport in the
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secretory ameloblasts and suggested that G proteins play a role in the transport disturbance.
They found different immunoblotting-and-pertussis-toxin-sensitive G proteins on the rough
endoplasmic reticulum and Golgi membranes of the germ cells of rats’ incisor teeth.
Health Issues and Clinical Treatment
Whether to consider enamel fluorosis, particularly the moderate to severe forms, an
adverse cosmetic effect or an adverse health effect has been the subject of debate for decades.
Some early literature suggests that the clinical course of caries could be compromised by
untreated severe enamel fluorosis. Smith and Smith (1940, pp.1050-1051) observed, “There is
ample evidence that mottled teeth, though they be somewhat more resistant to the onset of decay,
are structurally weak, and that unfortunately when decay does set in, the result is often
disastrous. Caries once started evidently spreads rapidly. Steps taken to repair the cavities in
many cases were unsuccessful, the tooth breaking away when attempts were made to anchor the
fillings, so that extraction was the only course.” Gruebbel (1952, p.153) expressed a similar
viewpoint: “Severe mottling is as destructive to teeth as is dental caries. Therefore, when the
concentration is excessive, defluorination or a new water supply should be recommended. The
need for removing excessive amounts of fluorides calls attention to the peculiar situation in
public health practice in which a chemical substance is added to water in some localities to
prevent a disease and the same chemical substance is removed in other localities to prevent
another disease.” Dean advised that when the average child in a community has mild fluorosis
(0.6 on his scale, described in the next section), “. . . it begins to constitute a public health
problem warranting increasing consideration” (Dean 1942, p. 29).
There appears to be general acceptance in today’s dental literature that enamel fluorosis
is a toxic effect of fluoride intake that, in its severest forms, can produce adverse effects on
dental health, such as tooth function and caries experience. For example:
• “[T]he most severe forms of fluorosis manifest as heavily stained, pitted, and friable
enamel that can result in loss of dental function” (Burt and Eklund 1999).
• “In more severely fluorosed teeth, the enamel is pitted and discolored and is prone to
fracture and wear” (ATSDR 2003, p. 19).
• “The degree of porosity (hypermineralization) of such teeth results in a diminished
physical strength of the enamel, and parts of the superficial enamel may break away . . . In the
most severe forms of dental fluorosis, the extent and degree of porosity within the enamel are so
severe that most of the outermost enamel will be chipped off immediately following eruption”
(Fejerskov et al. 1990, p. 694).
• “With increasing severity, the subsurface enamel all along the tooth becomes
increasingly porous . . . the more severe forms are subject to extensive mechanical breakdown of
the surface” (Aoba and Fejerskov 2002, p. 159).
• “With more severe forms of fluorosis, caries risk increases because of pitting and loss
of the outer enamel” (Levy 2003, p. 286).
• “ . . . the most severe forms of dental fluorosis might be more than a cosmetic defect if
enough fluorotic enamel is fractured and lost to cause pain, adversely affect food choices,
compromise chewing efficiency, and require complex dental treatment” (NRC 1993, p. 48).
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Severe enamel fluorosis is treated to prevent further enamel loss and to address the
cosmetic appearance of teeth. Treatments include bleaching, microabrasion, and the application
of veneers or crowns. Bleaching and microabrasion are typically used with the mild to moderate
forms of enamel fluorosis. Bleaching is the least invasive procedure, but does not eliminate the
dark stains associated with severe enamel fluorosis. Microabrasion involves the controlled
abrasion of enamel to remove superficial stains. This technique has been reported to be
minimally invasive and successful in treating single-line or patched opacities, but was not
effective in treating defects that extend deeper into the enamel (Wong and Winter 2002). Train
et al. (1996) found that while microabrasion improved the appearance of all degrees of enamel
fluorosis, severely fluorosed teeth exhibited more defective surfaces following treatment. Pits
and fissures can be filled with flowable composites. Partial veneers, composite veneers, and
crowns provide the best aesthetic results for very severe enamel fluorosis, but are the most
invasive treatments. Crowns are usually used as a last resort because they can be a threat to
tooth vitality (Christensen 2005). The procedure requires the further removal of tooth enamel to
allow for bonding of the crown, and sometimes requires replacement within a few years. The
more invasive treatments should be used only in the most severe cases of enamel fluorosis.
Ascertaining Enamel Fluorosis
Enamel Fluorosis Indexes
The three main indexes used to grade enamel fluorosis in research are Dean’s index, the
Thylstrup-Fejerskov index (TFI), and the tooth surface index of fluorosis (TSIF). A particularly
useful review of the characteristics, strengths, and limitations of these indexes is given by Rozier
(1994).
Dean’s index (Table 4-1) uses a 6-point ordinal scale, ranging from normal to severe, to
classify individuals with regard to enamel fluorosis (Dean 1942). Scores are assigned on the
basis of the two worst-affected teeth and are derived from an assessment of the whole tooth
rather than the worst-affected tooth surface. Although Dean’s index is considered adequate for a
broad definition of prevalence and trends, it suffers from limited sensitivity for analytical
research in several ways. Because a person is assigned to a fluorosis category on the basis of
only two severely affected teeth, the score may not discriminate between those individuals who
have more affected teeth from those with only a few affected teeth. In addition, as the teeth most
frequently affected by enamel fluorosis are posterior teeth and not the aesthetically important
anterior teeth, Dean’s index may misclassify individuals with respect to aesthetic effects (Griffin
et al. 2002). As a score assigned at the level of the person, Dean’s index enables the
computation of prevalence estimates but does not permit an analysis of the effects of changes in
exposure during the development of different teeth. Finally, with only one category for severe
fluorosis, Dean’s index does not discriminate between staining and pitting or between discrete
and confluent pitting. In fact, Dean revised the index in 1942 to create the version in use today,
which combines the original “moderately severe” and “severe” categories. Despite its limitations,
Dean’s index is by far the most widely used measure of enamel fluorosis in the research literature.
As a consequence, any comprehensive review of the literature must rely upon it.
The TFI (Table 4-2), which classifies the facial surface of each tooth on a 10-point scale
(0 to 9), provides more criteria and categories for characterizing mild and severe forms of
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TABLE 4-1 Clinical Criteria for Dean’s Enamel Fluorosis Index
Diagnosis
Normal (0)
Questionable (0.5)

Very mild (1)

Mild (2)
Moderate (3)
Severe (4)

Criteria
The enamel represents the usually translucent semivitriform type of structure. The
surface is smooth, glossy, and usually a pale creamy white color.
The enamel discloses slight aberrations from the translucency of normal enamel,
ranging from a few white flecks to occasional white spots. This classification is
utilized when a definite diagnosis of the mildest form of fluorosis is not warranted
and a classification of “normal” is not justified.
Small, opaque, paper white area scattered irregularly over the tooth but not
involving as much as approximately 25% of the tooth surface. Frequently
included in this classification are teeth showing no more than 1 to 2 mm of white
opacity at the tip of the summit of the cusps of the bicuspids or second molars.
The white opaque areas in the enamel of the teeth are more extensive but do not
involve as much as 50% of the tooth.
All enamel surfaces of the teeth are affected, and surfaces subject to attrition show
marked wear. Brown stain is frequently a disfiguring feature.
All enamel surfaces are affected and hypoplasia is so marked that the general form
of the tooth may be altered. The major diagnostic sign of this classification is the
discrete or confluent pitting. Brown stains are widespread and teeth often present
a corroded appearance.

Source: Dean 1942. Reprinted with permission; copyright 1942, American Association for the Advancement of
Science.

TABLE 4-2 Clinical Criteria and Scoring for the Thylstrup and Fejerskov Index (TFI) of
Enamel Fluorosis
Score
0
1
2

Criteria
Normal translucency of enamel remains after prolonged air-drying.
Narrow white lines corresponding to the perikymata.
Smooth surfaces: More pronounced lines of opacity that follow the perikymata. Occasionally
confluence of adjacent lines.
Occlusal surfaces: Scattered areas of opacity < 2 mm in diameter and pronounced opacity of cuspal
ridges.
3
Smooth surfaces: Merging and irregular cloudy areas of opacity. Accentuated drawing of perikymata
often visible between opacities.
Occlusal surfaces: Confluent areas of marked opacity. Worn areas appear almost normal but usually
circumscribed by a rim of opaque enamel.
4
Smooth surfaces: The entire surface exhibits marked opacity or appears chalky white. Parts of
surface exposed to attrition appear less affected.
Occlusal surfaces: Entire surface exhibits marked opacity. Attrition is often pronounced shortly after
eruption.
5
Smooth and occlusal surfaces: Entire surface displays marked opacity with focal loss of outermost
enamel (pits) < 2 mm in diameter.
6
Smooth surfaces: Pits are regularly arranged in horizontal bands < 2 mm in vertical extension.
Occlusal surfaces: Confluent areas < 3 mm in diameter exhibit loss of enamel. Marked attrition.
7
Smooth surfaces: Loss of outermost enamel in irregular areas involving less than half of entire
surface.
Occlusal surfaces: Changes in morphology caused by merging pits and marked attrition.
8
Smooth and occlusal surfaces: Loss of outermost enamel involving more than half of surface.
9
Smooth and occlusal surfaces: Loss of main part of enamel with change in anatomic appearance of
surface. Cervical rim of almost unaffected enamel is often noted.
Source: Thylstrup and Fejerskov 1978. Reprinted with permission; copyright 1978, Blackwell Publishing.
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fluorosis than Dean’s index allows (Thylstrup and Fejerskov 1978). At the upper end of the
severity scale, the TFI usefully distinguishes among marked discoloration without pitting (score
4); discrete or focal pitting (score 5); and degrees of confluent pitting, enamel loss, and tooth
deformation (scores 6-9). The TFI has been shown to be a valid indication of the fluoride
content of fluorotic enamel. Most investigators combine TFI scores of 5 and higher, all of which
include pitting, to form a category of severe enamel fluorosis.
The TSIF (Table 4-3) ascribes a fluorosis score on an 8-point scale (0 to 7) to each
unrestored surface of each tooth (Horowitz et al. 1984). At the higher end of the scale, there is a
greater range of criteria for characterization of effects. A TSIF score of 5 is the lowest
classification on this scale that involves enamel pitting. Although some researchers combine
scores 5-7 to classify severe enamel fluorosis, others extend their highest category of severity to
include score 4, which includes staining but not pitting.
TABLE 4-3 Clinical Criteria and Scoring for the Tooth Surface Index of Fluorosis (TSIF)
Score Criteria
0
Enamel shows no evidence of fluorosis.
1
Enamel shows definite evidence of fluorosis—namely, areas with parchment-white color that
total less than one-third of the visible enamel surface. This category includes fluorosis confined
only to incisal edges of anterior teeth and cusp tips of posterior teeth (“snowcapping”).
2
Parchment-white fluorosis totals at least one-third, but less than two-thirds, of the visible surface.
3
Parchment-white fluorosis totals at least two-thirds of the visible surface.
4
Enamel shows staining in conjunction with any of the preceding levels of fluorosis. Staining is
defined as an area of definite discoloration that may range from light to very dark brown.
5
Discrete pitting of the enamel exists, unaccompanied by evidence of staining of intact enamel. A
pit is defined as a definite physical defect in the enamel surface with a rough floor that is
surrounded by a wall of intact enamel. The pitted area is usually stained or differs in color from
the surrounding enamel.
6
Both discrete pitting and staining of the intact enamel exist.
7
Confluent pitting of the enamel surface exists. Large areas of enamel may be missing and the
anatomy of the tooth may be altered. Dark-brown stain is usually present.
Source: Horowitz et al. 1984. Reprinted with permission; copyright 1984, American Dental Association.

Other fluorosis indexes, such as those developed by Siddiqui (1955) and Al-Alousi et al.
(1975), are used less frequently in research and almost never in the United States. The
developmental defects of enamel (DDE) index was designed as a general classification scheme
for enamel defects (FDI 1982; Clarkson and O’Mullane 1989). As it emphasizes aesthetic
concerns and is not based on etiologic considerations, it is not technically an index of enamel
fluorosis. The fluorosis risk index (FRI) was developed specifically for use in case-control
studies (Pendrys 1990), very few of which have been conducted.
A major difference among the three principal enamel fluorosis indexes is the level at
which the scores are recorded: the level of the person on Dean’s index, the level of the tooth on
the TFI, and the level of the tooth surface on the TSIF. As the tooth-level scores for Dean’s
index are usually recorded but not reported, it is impossible to break the reported person-level
scores down to the tooth or tooth-surface level. Similarly, the tooth level TFI scores cannot be
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broken down to the level of the tooth surface. In contrast, it is possible to combine TFI scores up
to the person level and to combine TSIF scores up to the tooth or person levels.
Because the person-level Dean’s index is the oldest and still the most widely used enamel
fluorosis index, researchers using the TFI or TSIF sometimes, though rarely, aggregate scores on
those scales up to the person level for comparability. When this is done, the most severe one or
two teeth or tooth surfaces are typically used. As a consequence, the prevalence of a given level
of enamel fluorosis severity (other than “normal” or “unaffected”) will tend to be lowest if
expressed as a proportion of all tooth surfaces, intermediate in magnitude if expressed as a
proportion of all teeth, and highest if expressed as a proportion of all persons in a given sample.
Prevalence estimates at the person level are reviewed by the committee later in this chapter.
When the interest is in aesthetic concerns about milder forms of fluorosis, the person level and
tooth level have disadvantages, as the affected teeth may be located in the posterior part of the
mouth and thus less visible under ordinary (non-clinical) circumstances. For the severest forms,
in contrast, the considerations are reversed. It is more informative to know the proportion of a
population who have any teeth with dark staining and pitting than the proportion of all teeth or of
all tooth surfaces that have these most severe manifestations of enamel fluorosis.
Diagnostic Issues
The 1993 National Research Council (NRC) report found that the accuracy of clinical
diagnosis of fluorotic lesions, especially those of the mild form, has been plagued by the fact that
not all white or light yellow opacities in dental enamel are caused by fluoride. The
ascertainment of severe enamel fluorosis, in contrast, is much more secure. This is especially
true in studies of children in communities with relatively high water fluoride concentrations in
the United States and similar locales, where there are few if any alternative explanations for dark
yellow to brown staining and pitting of the enamel of recently erupted permanent teeth.
Some studies in the international literature have reported severe mottling of the teeth that
could not be attributed to fluoride exposure. For example, Whitford (1996) was unable to
explain a high prevalence of severe lesions resembling fluorosis in individuals in Morrococha,
Peru, on the basis of exposure to fluoride in water, food, or dental products. Yoder et al. (1998)
found severe dental mottling in a population in Tanzania with negligible fluoride in the water
(<0.2 mg/L). They noted that urinary fluoride concentrations in affected subjects from that area
were not consistent with concentrations found in subjects from a high-fluoride area who had
severe enamel fluorosis. Mottling unrelated to fluoride has been suggested to be due to
malnutrition, metabolic disorders, exposure to certain dietary trace elements, widespread
introduction of tea drinking among children at very early ages, or physical trauma to the tooth
(Curzon and Spector 1977; Cutress and Suckling 1990).
A genetic condition called amelogeneis imperfecta causes enamel defects that can be
mistaken for enamel fluorosis (Seow 1993); the hypoplastic lesions of this condition have a
deficiency in the quantity of enamel with grooves and pits on the surface. Hypocalcified lesions
have low mineralization, appear pigmented, and have softened and easily detachable enamel.
Hypomaturation conditions are evident as opaque and porous enamel. The prevalence of
amelogeneis imperfecta ranges from approximately 1 in 700 to 1 in 14,000, depending on the
population studied (Seow 1993).
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Angmar-Mansson and Whitford (1990) reported that acute and chronic exposures to
hypobaric hypoxia that occurs at high altitudes are associated with bilaterally symmetrical and
diffuse disturbances in enamel mineralization that might be mistaken for fluorosis. More
recently, Rweneyonyi et al. (1999) reported higher prevalences of severe enamel fluorosis at
higher altitudes than at lower altitudes in Ugandan populations with the same water fluoride
levels.
Some evidence from animal studies indicates that genetics might contribute to
susceptibility to enamel fluorosis (Everett et al. 2002). It has also been proposed that use of the
antibiotic amoxicillin during infancy might contribute to the development of enamel fluorosis of
the primary teeth (Hong et al. 2004).
A number of review articles evaluate the strengths and deficiencies of the various indexes
used to diagnose and characterize the degree of enamel fluorosis (Clarkson 1989; Ellwood et al.
1994; Kingman 1994; Rozier 1994). In general, the following observations may be made:
• The various indexes use different examination techniques, classification criteria, and
ways of reporting data. All indexes are based on subjective assessment, and little information is
available on their validity or comparability. Prevalence data obtained from these indexes also
can vary considerably because of differences in study protocols and case definitions.
Nevertheless, the American Dental Association (2005) considers severe and even moderate
fluorosis “typically easy to detect.”
• Examiner reliability is an important consideration in evaluation studies. Systematic
interexaminer variability has been reported (Burt et al. 2003). Rozier (1994) noted that only
about half the studies available in 1994 provided evidence that examiner reliability was
evaluated. Although almost all of those assessments were conducted in populations in which
severe enamel fluorosis was very rare, they showed an acceptable level of agreement.
• Agreement among examiners tends to be lower when enamel fluorosis is recorded at
the level of the tooth or tooth surface than when it is recorded at the person level.
Prevalence of Severe Enamel Fluorosis in Relation to Water Fluoride Concentrations
In many reviews and individual studies, all levels of enamel fluorosis severity are
grouped together. This approach is less problematic at comparatively low levels of fluoride
intake, where all or almost all of the cases are mild or moderate in severity. At higher intake
levels, such as those typically found in communities with water fluoride concentrations at the
current MCLG of 4 mg/L or the current SMCL of 2 mg/L, it is more informative to report results
for the different levels of fluorosis severity. Those reviews in which severity distinctions have
been drawn, such as NRC (1993) and IOM (1997), have tended to combine moderate and severe
fluorosis into a single category. The present report focuses more specifically on the severe
forms.
The committee compiled prevalence estimates at the person level for severe enamel
fluorosis in relation to water fluoride levels from studies around the world. The starting points
were the estimates provided in EPA’s documentation supporting the MCLG (50 Fed. Reg. 20164
[1985]) and Appendix C6 of McDonagh et al. (2000a). To these were added results from 24
additional studies (Venkateswarlu et al. 1952; Forsman 1974; Retief et al. 1979; Rozier and
Dudney 1981; Subbareddy and Tewari 1985; Haimanot et al. 1987; Kaur et al. 1987; Mann et al.
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1987, 1990; Szpunar and Burt 1988; Thaper et al. 1989; Jackson et al. 1995; Cortes et al. 1996;
Akpata et al. 1997; Gopalakrishnan et al. 1999; Kumar and Swango 1999; Menon and
Indushekar 1999; Rwenyonyi et al. 1999; Sampaio and Arneberg 1999; Awadia et al. 2000;
Alarcón-Herrera et al. 2001; Grobler et al. 2001; Ermis et al. 2003; Wondwossen et al. 2004).
Results were excluded if they were for fluorosis indexes other Dean’s index, the TFI, the TSIF,
or modifications thereof (e.g., Goward 1982; Nunn et al. 1992); for all fluorosis or for moderate
and severe fluorosis combined (e.g., Warnakulasuriya et al. 1992; Mella et al. 1994; Alonge et al.
2000; Burt et al. 2003); for primary or deciduous teeth as opposed to permanent teeth (e.g.,
McInnes et al. 1982); for different teeth separately with no results at the person level or for all
teeth combined (e.g., Opinya et al. 1991); for unbounded upper categories of water fluoride for
which no mean or median value was given (e.g., > 1.2 mg/L in Heller et al. [1997], > 2 mg/L in
Ray et al. [1982], > 2.5 mg/L in Angelillo et al. [1999]); for bounded but extremely wide water
fluoride ranges (e.g., 0.8 to 4.3 mg/L in Haimanot et al. [1987], 0.7 to 4.0 in Beltran-Aguilar et
al. [2002], 0.3 to 2.2 mg/L in Wondwossen et al. [2004]). For narrower bounded categories, the
midrange water fluoride level was used. Results from studies of children and teenagers (age 20
years or younger) were tallied separately from results for adults. Severe enamel fluorosis was
classified as the “severe” classification in Dean’s index and, depending on the groupings created
by the original invesgtigators, TFI scores of 4-9 or 5-9 and TSIF scores of 4-7 or 5-7. Because
of the wide variability in methods and populations, and the lack of independence when a given
study provided more than one result, the estimates were not subjected to formal statistical
analyses. Instead, plots of the prevalence estimates in relation to water fluoride concentration
were examined for the presence of any clear and obvious patterns or trends.
Figure 4-1 shows 94 prevalence estimates from studies in the United States. Despite the
wide range of research methods, fluorosis indexes, water fluoride measurement methods, and
population characteristics in these studies conducted over a period spanning half a century, a
clear trend is evident. The prevalence of severe enamel fluorosis is close to zero in communities
at all water fluoride concentrations below 2 mg/L. Above 2 mg/L, the prevalence rises sharply.
The shape of this curve differs dramatically from the linear trend observed when all levels of
fluorosis severity are combined and related to either the water fluoride concentration (Dean
1942) or the estimated daily dose in milligrams per kilogram (Fejerskov et al. 1990).
Not shown in Figure 4-1 are a prevalence of 54% in a community with a water fluoride
concentration of 14 mg/L (50 Fed. Reg. 20164 [1985]) and results from two studies of adults.
One, with an age range of 20-44 years, reported prevalences of zero at <0.1 mg/L and 2% at 2.5
mg/L (Russell and Elvove 1951). In the other, with an age range of 27-65 years, the prevalences
were zero at 0.7 mg/L and 76% at 3.5 mg/L (Eklund et al. 1987). These results are broadly
consistent with those in Figure 4-1.
Strongly supporting evidence comes from a series of surveys conducted by researchers at
the National Institute of Dental Health (Selwitz et al. 1995, 1998). In these studies using the
TSIF, scores were reported only at the tooth-surface level (Figure 4-2). As with the person-level
prevalence estimates (Figure 4-1), an approximate population threshold for severe enamel
fluorosis is evident at water concentrations below 2 mg/L.
Figure 4-3 shows 143 prevalence estimates from studies of children outside the United
States. Not shown are results for three Ethiopian communities with extremely high water
fluoride concentrations of 26, 34 and 36 mg/L and prevalences of 18%, 48% and 25%,
respectively (Haimanot et al. 1987). Although a positive association may be discernible, it is
much less obvious than in the U.S. studies. There is little evidence of an approximate population
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FIGURE 4-1 Prevalence of severe enamel fluorosis at the person level by water fluoride
concentration, permanent teeth, age < 20 years, U.S. communities.
threshold as in the results in U.S. communities (Figure 4-1). In many regions around the world,
water intake among children whose permanent teeth are forming can be much more variable than
in the United States, susceptibility may differ more widely, sources of fluoride intake other than
the community water supply may be more prevalent, or the ascertainment of severe enamel
fluorosis may be more often compromised by other determinants of dental discoloration and
pitting.
One question is whether the most severe forms of enamel fluorosis, specifically those
involving confluent pitting, occur at water concentrations in the range of the current MCLG of 4
mg/L. This question cannot be answered by most studies, which use Dean’s 1942 modification
of his index combining “moderately severe” and “severe” classifications of his original system
(Dean 1934) into a single category (Dean 1942; Rozier 1994). Three studies, however, in U.S.
communities with water fluoride concentrations of approximately 4 mg/L have used enamel
fluorosis indexes that draw severity distinctions within the “severe” category.
In Lowell, Indiana, with a water fluoride concentration of approximately 4 mg/L, 7% of a
1992 sample and 2% of a 1994 sample of children 7-14 years of age had at least one tooth
surface assigned the highest possible TSIF score of 7 (Table 4-4). Expressed as a percentage of
all tooth surfaces examined (mean, 32.3 per child), the prevalence of TSIF score 7 in the 1992
sample was substantially lower at 0.5% (Jackson et al. 1995). The lower prevalence using this
metric is not surprising, as it includes surfaces on anterior teeth, which are not generally as
susceptible to fluorosis as molars and other teeth located farther back in the mouth.
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FIGURE 4-2 Percentage of tooth surfaces with severe enamel fluorosis (TSIF scores 4-7) by
water fluoride concentration, permanent teeth, ages 8-10 and 13-16 years, U.S. communities,
1980, 1985 and 1990. (Some samples of children at a given water fluoride concentration had
identical percentages of tooth surfaces with TSIF scores 4-7.) Source: Selwitz et al. 1995, 1998.
In Bushnell, Illinois, with a mean water fluoride concentration of 3.8 mg/L, samples of
children age 8-10 years and 13-15 years were examined in 1980 and 1985 (Heifetz et al. 1988).
As shown in Table 4-5, the TSIF score of 7 was assigned in all four samples. Detailed TSIF
scores from this study are available only on as a percentage of all tooth surfaces examined.
These results are consistent with those from the 1992 sample in Lowell, Indiana (Jackson et al.
1995) using the same fluorosis metric.
Confluent enamel pitting must be present for a tooth surface to be assigned a score of 7
on the TSIF scale (Table 4-3). In addition to the usual presence of dark brown staining, large
areas of enamel may be missing and gross tooth structure may be altered as well. Thus, it has
been sufficiently well documented that the most severe forms of enamel fluorosis for which
classifications exist occur in children who reside in communities with water fluoride
concentrations at or near the MCLG of 4 mg/L.
A third study, confined to the age range of 27-65 years, included a sample of 192 adults
from Lordsburg, New Mexico, with a water fluoride concentration of 3.5 mg/L (Eklund et al.
1987). All members of this sample were native to Lordsburg and long-term residents of that
community. The prevalence of severe fluorosis on Dean’s 1942 scale was extremely high in this
sample, 76% overall. The investigators modified Dean’s scale specifically to split the “severe”
category into ‘severe’ (discrete pitting) and ‘very severe’ (confluent pitting)” (Eklund et al.
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FIGURE 4-3 Prevalence of severe enamel fluorosis at the person level by water fluoride
concentration, permanent teeth, age <20 years, communities outside the United States.
1987). About half of those with more than moderate fluorosis were classified in the “very
severe” category. These results for New Mexico adults are consistent with the results for
children in Indiana and Illinois.
A reduction of all water fluoride concentrations to below 2 mg/L would be expected to
make severe enamel fluorosis an extreme rarity in the United States, but would not be expected
to eliminate it entirely. Isolated cases could still occur from excessive fluoride exposure from
other sources, such as toothpaste swallowing and use of fluoride supplements and rinses. One
can never rule out the possible existence of hypersusceptible individuals. Finally, though the
ascertainment of severe enamel fluorosis is usually quite accurate in the United States, especially
among children, it might be possible for dark yellow or brown staining and enamel pitting from
other causes to be misdiagnosed as fluorosis. Such false positives might be particularly common
among adults who are long-term users of smoked and smokeless tobacco products, heavy
consumers of beverages such as coffee and tea, and perhaps some with special occupational
exposures.
Aesthetic and Psychological Consequences of Enamel Fluorosis
Studies show that facial attractiveness is important and that attractive people are judged
to be more socially desirable than less attractive people (Berscheid and Walster 1974; Adams
and Huston 1975; Adams 1977; Jenny and Proshek 1986). Newton et al. (2003) assessed the
impact of modified images of untreated cavities on front teeth on the appraisal of personal
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characteristics in the United Kingdom. Study participants associated decayed and discolored
teeth with lower intelligence and social competence and with poor psychological adjustment.
Interestingly, the ratings depended on the facial appearance studied, an indication that the impact
of enamel fluorosis is less noticeable in a more attractive face. Although studies of the
attractiveness of teeth are sparse, the orthodontic literature has shown that more than 80% of
patients seek care out of concern for aesthetics, rather than health or function (Albino et al.
1981).
The potential for psychological and behavioral problems to develop from the
aesthetically displeasing consequences of enamel fluorosis has been a long-standing concern. In
1984, an ad hoc panel of behavioral scientists convened by the U.S. Environmental Protection
Agency (EPA) and the National Institute of Mental Health to evaluate the issue concluded that
“individuals who have suffered impaired dental appearance as a result of moderate and severe
TABLE 4-4 Maximum TSIF Scores in Two Samples of Children Age 7-14 Years in a U.S.
Community with a Water Fluoride Concentration of 4.0 mg/L
Maximum TSIF score
0
1
2
3
4
5
6
7
Total

1992 study
Number of children
8
23
17
26
7
10
3
7
101

Percent
7.9
22.8
16.8
25.7
6.9
9.9
3.0
6.9
100.0

1994 study
Number of children
1
34
18
31
12
7
0
2
105

Percent
1.0
32.4
17.1
29.5
11.4
6.7
0.0
1.9
100.0

Source: Jackson et al. 1995, 1999; R.D. Jackson (Indiana University-Purdue University Indianapolis, personal
commun., December 21, 2005).

TABLE 4-5 Percentage of Tooth Surfaces Assigned TSIF Scores in Four Samples of Children
Age 8-10 Years and 13-15 Years in a U.S. Community with a Water Fluoride Concentration of
3.8 mg/La
TSIF score
0
1
2
3
4
5
6
7
a

1980 study
Age 8-10
(n = 59)
30.3
28.5
17.1
19.7
0.3
2.8
0.1
1.2

Age 13-15
(n = 34)
36.9
25.6
16.7
18.6
0.3
1.3
0.1
0.5

1985 study
Age 8-10
(n = 62)
24.2
32.2
18.7
19.7
0.6
3.1
0.1
1.4

Age 13-15
(n = 29)
22.5
30.8
18.8
22.1
0.5
3.9
0.0
1.5

The numbers of children (n) are given in parentheses. The numbers of tooth surfaces examined were not reported.
Source: Heifetz et al. 1988.
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fluorosis are probably at increased risk for psychological and behavioral problems or difficulties”
(R.E. Kleck, unpublished report, Nov. 17, 1984, as cited in 50 Fed. Reg. 20164 [1985]). The
panel recommended research on the social, emotional, and behavioral effects of enamel
fluorosis.
Few studies have assessed the association between the public’s perceived aesthetic
problems and degree of enamel fluorosis. Only one of those studies was conducted in the United
States. Lalumandier and Rozier (1998) found that parental satisfaction with the color of their
children’s teeth decreased as the severity of fluorosis increased. Although 73.9% of parents were
satisfied with the color of teeth in the absence of enamel fluorosis, only 24.2% of parents were
satisfied with the color of their children’s teeth when the TSIF score was 4 or greater (moderate
to severe forms). In a study of dental students’ perceptions, Levy et al. (2002b) observed that
fluorosis and nonfluorosis images were consistently rated more favorably by fourth-year students
than by the same students in their first year. According to the authors, the results suggested that
dentists might regard fluorosis with less concern given that they are exposed to a wide range of
oral conditions, whereas those outside the dental profession might view fluorosis with more
concern. Griffin et al. (2002) reviewed five published studies of aesthetic perception and enamel
fluorosis and estimated that approximately 2% of U.S. schoolchildren might experience
perceived aesthetic problems from exposure to fluoride at 0.7-1.2 mg/L. It should be noted that
perceived aesthetic problems have also been reported even in the absence of enamel fluorosis
because of nonfluorotic enamel opacities and hypoplasia, natural yellowish appearance of teeth,
and discoloration due to dental caries. For example, Griffin et al. (2002) also noted that the
percentage of respondents with no fluorosis who were not satisfied with the appearance of their
teeth ranged from 18% to 41%.
In general, studies conducted in other parts of the world show that the level of satisfaction
expressed by parents, children, and dentists with the appearance of enamel fluorosis decreases
with increasing severity of enamel fluorosis (Clark et al. 1993; Riordan 1993; Clark 1995;
Hawley et al. 1996; Lalumandier and Rozier 1998; Griffin et al. 2002). In contrast with those
studies, Ismail et al. (1993) did not find enamel fluorosis to be an aesthetic problem in Truro,
Nova Scotia. The primary reason for disliking the color of front teeth was perceived yellowness
unrelated to enamel fluorosis. Similarly, a study conducted in Brazil found that enamel fluorosis
had no impact on children’s self-perception of appearance (Peres et al. 2003).
A systematic review of water fluoridation estimated the proportion of the population
likely to have aesthetic concerns about enamel fluorosis on the basis of a review of 88 studies
(McDonagh et al. 2000a). The authors pointed out that the differences in the proportion of the
population having enamel fluorosis of aesthetic concern with low concentrations of fluoride in
drinking water and with fluoride at 1.2 mg/L were not statistically significant. However, the
estimation of aesthetic concerns was based solely on a study conducted in Great Britain (Hawley
et al. 1996) in which 14-year-old children from Manchester were asked to rate the appearance of
life-sized pictures of two front teeth with enamel fluorosis (lips cropped off) classified by the
TFI. According to the authors, the percentage of subjects who considered the appearance of the
teeth unacceptable decreased from 29% for TF scores of 0 to 15% for TF scores of 2 and
increased to 85% for TF scores of 4. Using those data, McDonagh et al. (2000a) defined enamel
fluorosis of aesthetic concern as a case with a TF score of 3 or more, Dean’s score of “mild” or
worse, and a TSIF score of 2 or more. With this definition, McDonagh et al. (2000a) estimated
the prevalence of fluorosis of aesthetic concern in the United Kingdom to be 63% at 4 mg/L and
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25% at 2 mg/L. For lower water fluoride concentrations, the estimated prevalence ranged from
15% at 1.2 mg/L down to a baseline of 6% at 0.1 mg/L.
The committee judges that this analysis produced an overestimation of the prevalence of
fluorosis of actual aesthetic concern for two main reasons. First, McDonagh et al. (2000a)
applied the aesthetic concerns expressed by study participants about fluorosis on front teeth to
fluorosis prevalence studies that included posterior teeth, which have much less potential to pose
aesthetic problems. Second, the analysis did not take into account the observation by Hawley et
al. (1996) that a higher percentage of children found teeth with milder forms of enamel fluorosis
(TF scores lower than 3) aesthetically preferable to normal teeth; almost one-third of the children
rated the photograph of teeth with no fluorosis as unacceptable.
There have been no new studies of the prevalence of moderate enamel fluorosis in U.S.
populations since the early 1990s. Previous estimates ranged from 4% to 15% (50 Fed. Reg.
20164 [1985]). These estimates are based on studies that used classification indexes for scoring
enamel fluorosis, and are not based on an assessment of aesthetics. None of the available
indexes allow for making distinctions between fluorosis on the anterior and posterior teeth, so
the percentage of children with moderate enamel fluorosis of aesthetic concern could not be
determined, but the percentage would be lower than 15%.
The committee found only one study (Morgan et al. 1998) that specifically evaluated the
psychological and behavioral impacts of enamel fluorosis on children with the condition. A
group of 197 pediatric patients of a dental practice between the ages of 7 and 11 were examined
for enamel fluorosis. Their parents completed the Child Behavior Checklist (CBCL), a widely
used measure of behavioral problems in studies of children. The study found no substantial
differences between groups classified by degree of fluorosis in overall CBCL scores or in scores
on two subscales: externalizing (aggressive, hyperactive and antisocial behaviors typical of
undercontrol or “acting out”) and internalizing (behaviors of social withdrawal, depression and
anxiety typical of overcontrol or inhibition). The study was limited by the fact that an aggregate
measure of fluoride exposure was unrelated to enamel fluorosis and few if any of the children
had severe enamel fluorosis.
Several methodologic issues have hindered the assessment of the aesthetic importance of
unattractive teeth in general and enamel fluorosis in particular. First, assessing the perception of
aesthetics is by its very nature subjective. Second, it is not clear who should make judgments
about the aesthetic appearance of teeth. The perceptions of the affected individual, as a child and
in subsequent life, as well as those of parents, friends, teachers, and other acquaintances can all
be important. A sizeable proportion of parents and children have expressed dissatisfaction with
the color of teeth even in the absence of enamel fluorosis. On the other hand, judgments made
by professionals might not reflect the perception of the public. Third, it is difficult to place the
condition of enamel fluorosis into the context of an overall aesthetic assessment of a person’s
appearance or facial attractiveness. Cultural influences can play a role in how the condition is
perceived. It also appears that perceptions of the appearance of teeth can be modified by the
attractiveness of other facial features. Fourth, when the public or dental professionals are asked
to assess aesthetic acceptability, their perceptions might change during the evaluation session.
From the standpoint of this committee’s charge to consider effects of relatively high
levels of water fluoride, the main points to note are that the emphasis of research and discussion
on psychological, behavioral, and social effects of enamel fluorosis has been almost entirely on
children and on the mild and moderate forms of the condition that are more typical of lower
fluoride exposure levels. Research needs to focus specifically on severe enamel fluorosis in
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those areas in which it occurs with appreciable frequency. In addition, research needs to include
not only affected children while they are still children, but after they move into adulthood.
Finally, parents might experience psychological and behavioral effects when their children
develop enamel fluorosis, especially in its moderate and severe forms. Unfortunately, research
on parental effects is completely lacking.
Dental Caries In Relation To Water Fluoride Concentrations of 2 mg/L and Higher
Many reports have discussed the inverse relationship between dental caries and water
fluoride at concentrations considerably lower than the current MCLG of 4 mg/L and SMCL of 2
mg/L (Dean 1942; PHS 1991; McDonagh et al. 2000a; CDC 2001). Fewer studies have been
conducted in the United States of overall caries experience in communities with naturally
occurring fluoride concentrations higher than those produced by fluoridation. The studies of
children are shown in Table 4-6. One study suggested that the overall frequency of caries is
reduced at approximately 4 mg/L compared with approximately 1 mg/L (Englander and DePaola
1979). A study of New Mexico adults gave similar results (Eklund et al. 1987). Another study
suggested little or no difference (Jackson et al. 1995) and another gave mixed results (Selwitz et
al. 1995). The evidence from these studies is not persuasive that caries frequency is appreciably
lower at approximately 4 mg/L than at approximately 2 mg/L or 3 mg/L. The evidence from
studies conducted in other countries is no more consistent (Binder 1973; Olsson 1979; Kunzel
1980; Chen 1989; Lewis et al. 1992; Warnakulasuriya et al. 1992; Yoder et al. 1998; Angelillo et
al. 1999; Grobler et al. 2001).
Dental Caries In Relation To Severe Enamel Fluorosis
As previously noted, it is suspected within the dental research community that the enamel
pitting that occurs in severe fluorosis might increase caries risk by reducing the thickness of the
protective enamel layer and by allowing food and plaque to become entrapped in enamel defects.
The possibility is thus raised that in a community with a water fluoride concentration high
enough to produce an appreciable prevalence of severe fluorosis, the specific subset of children
who develop this condition might be placed at increased caries risk, independent of the effect of
the fluoride itself on the remainder of the population. The population of interest consists of those
children who develop severe enamel fluorosis at 4 mg/L. If the water fluoride concentration
were reduced to below 2 mg/L, few if any of these children would still develop severe enamel
fluorosis. Many of them would develop mild to moderate fluorosis, however, while others might
develop no fluorosis. It would be unreasonable, however, to assume that some children would
skip all the way down from severe fluorosis to no fluorosis when the water concentration is
reduced, while others would have mild to moderate fluorosis at either concentration. As the
desired fluorosis severity distribution is inherently unknown, a conservative approach is to
compare the children with severe fluorosis at 4 mg/L with children from their own communities
with mild to moderate fluorosis.
Results for such comparisons are summarized in Table 4-7 for studies reporting the mean
number of decayed, missing and filled tooth surfaces (DMFS), in Table 4-8 for studies reporting
the number of decayed, missing and filled teeth (DMFT), and in Table 4-9 for studies reporting
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TABLE 4-6 Mean Number of Decayed, Missing and Filled Surfaces (DMFS) in Permanent
Teeth by Water Fluoride Concentration in Studies of Children in U.S. Communities with Water
Fluoride Concentrations at or Near the MCLG of 4 mg/L
Reference
Englander
and DePaola
(1979)

Age
(years)
12-15

Driscoll et al. 8-11
(1983)

Driscoll et al. 12-16
(1983)

Heifetz et al.
(1988)

Heifetz et al.
(1988)

8-10

13-15

Selwitz et al. 8-10,
(1995)
14-16

Jackson et al. 7-14
(1995)
NA: Not available.

Year Community
NA Kalamazoo, MI
Stickney, IL
Charlotte, NC
Midland, TX
1980 Kewanee, IL
Monmouth, IL
Abindgon and
Elmwood, IL
Bushnell, Ipava and
Table Grove, IL
1980 Kewanee, IL
Monmouth, IL
Abindgon and
Elmwood, IL
Bushnell, Ipava and
Table Grove, IL
1985 Kewanee, IL
Monmouth, IL
Abindgon and
Elmwood, IL
Bushnell, Ipava and
Table Grove, IL
1985 Kewanee, IL
Monmouth, IL
Abindgon and
Elmwood, IL
Bushnell, Ipava and
Table Grove, IL
1990 Kewanee, IL
Monmouth, IL
Abindgon and
Elmwood, IL
Bushnell, Ipava and
Table Grove, IL
1992 Brownsburg, IN
Lowell, IN

Number of
children
315
312
213
311
157
80
110

Approximate water fluoride
concentration (mg/L)
1
1
1
5-7
1
2
3

Mean
DMFS
5.1
4.5
4.4
2.4
2.0
1.4
1.0

77

4

1.6

179
63
82

1
2
3

4.1
2.7
2.0

59

4

2.6

156
102
112

1
2
3

1.5
1.1
0.8

62

4

0.8

94
23
47

1
2
3

5.1
2.9
2.5

29

4

3.9

258
105
117

1
2
3

1.8
1.4
1.4

77

4

1.8

117
101

1
4

4.4
4.3

102

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

TABLE 4-7 Mean Number of Decayed, Missing, and Filled Permanent Tooth Surfaces (DMFS)
among Children with Severe and Mild to Moderate Enamel Fluorosis
Country (reference)
United States
(Driscoll et al. 1986)
Israel
(Mann et al. 1987)
Israel
(Mann et al. 1990)
Turkey
(Ermiş et al. 2003)

Age (years)
8-16
15-16
8-10
12-14

Number of
children
218
54
83
46
55
6
24
105

Fluorosis index and range
Dean very mild to moderate
Dean severe
Dean very mild to moderate
Dean severe
Dean very mild to moderate
Dean severe
TSIF 1-3
TSIF 4-7

Mean DMFS
1.6
3.0
4.4
10.4
1.2
1.8
1.7
1.9

TABLE 4-8 Mean Numbers of Decayed, Missing, and Filled Permanent Teeth (DMFT) among
Children with Severe and Mild to Moderate Enamel Fluorosis
Country (reference)
Taiwan
(Chen 1989)
Sri Lanka
(Warnakulasuriya et al. 1992)
Brazil
(Cortes et al. 1996)
Turkey
(Ermiş et al. 2003)
Ethiopia
(Wondwossen et al. 2004)

Number of
Age (years) children
6-16
1,290
10
14
44
48
6-12
42
18
12-14
24
105
12-15
87
89

Fluorosis index and range
Dean very mild to moderate
Dean severe
Dean mild
Dean moderate to severe
TFI 3-4
TFI ≥5
TSIF 1-3
TSIF 4-7
TFI 3-4
TFI 5-7

Mean
DMFT
1.7
2.5
3.4
3.3
1.1
1.3
1.2
1.3
1.5
2.4

TABLE 4-9 Percentage of Teeth Scored as Decayed, Missing, Filled, or with Caries among
Children and Adults with Severe and Mild to Moderate Enamel Fluorosis
Age
(years)
6-7, 1314

Teeth
All

United States
(Driscoll et al. 1986)

8-16

All

218
54

United States
(Eklund et al. 1987)

27-65

Molars

38
125

Country (reference)
Ethiopia
(Olsson et al. 1979)

Number of
persons

Premolars 38
125
Anterior 38
125

Range of Dean’s
fluorosis index
Mild to moderate
Severe

Measure (%)
Cavities
25
9
Very mild to moderate Decayed or filled
Severe
4
20
Mild to moderate
Decayed, missing
Severe
or filled
43
40
Mild to moderate
11
Severe
19
Mild to moderate
3
Severe
6
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the percentage of decayed, missing and filled teeth. Not all researchers reported P-values for the
specific contrasts in these tables. Moreover, the results are not independent, as some researchers
studied more than one age group or reported results for more than one caries frequency measure
or for more than one type of teeth. Nevertheless, in 11 of the 14 available contrasts, the measure
of caries frequency was higher among those with severe fluorosis than among those with mild to
moderate forms. In some comparisons, the differences were slight. Descriptively, the most
pronounced differences were for all teeth among children age 15-16 years in Israel (Mann et al.
1987, Table 4-7), for all teeth among children age 8-16 years in Illinois (Driscoll et al. 1986,
Table 4-9), for premolars among adults age 27-65 in New Mexico (Eklund et al. 1987, Table 49), and for all teeth among children ages 6-7 and 13-14 in Ethiopia (Olsson et al. 1979, Table 49).
Mixed evidence comes from correlation or regression analyses. In studies in Uganda
(Rwenyonyi et al. 2001) and Tanzania (Awadia et al. 2002), statistically significant correlations
were not observed (P > 0.05) between severe fluorosis and caries frequency. A study of children
in a South African community with a water fluoride concentration of 3 mg/L and a 30%
prevalence of severe fluorosis reported a positive correlation (P < 0.05) between fluorosis scores
on the Dean index and caries experience (DMFT) (Grobler et al. 2001). In the same study, no
correlation between fluorosis and caries frequency was found in two other communities with
water fluoride concentrations of 0.5 and 0.2 mg/L, in which the prevalence of severe fluorosis
was 1% and 0%, respectively.
The studies on severe enamel fluorosis and caries are limited by being cross-sectional in
design and conducted in a wide range locales. In most of the studies, there was no adjustment
for oral hygiene, dental care, or other determinants of caries risk. Moreover, as previously noted,
measures of the role of chance (i.e., confidence intervals or P-values) are not available for the
specific contrasts of interest to the present report. Nevertheless, the hypothesis of a causal link
between severe enamel fluorosis and increased caries risk is plausible and the evidence is mixed
but supportive.
OTHER DENTAL EFFECTS
Fluoride may affect tooth dentin as well as enamel. The patterns of change observed in
bone with age also occur in dentin, a collagen-based mineralized tissue underlying tooth enamel.
Dentin continues to grow in terms of overall mass and mineral density as pulp cells deposit more
matrix overall and more mineral in the dentin tubules. Several investigators have observed that,
like older bone, older dentin is less resistant to fracture and tends to crack more easily (Arola and
Reprogel 2005; Imbeni et al. 2005; Wang 2005). Aged dentin tends to be hypermineralized and
sclerotic, where the dentin tubules have been filled with mineral and the apatite crystals are
slightly smaller (Kinney et al. 2005), which could be significant because, as dentin ages in the
presence of high amounts of fluoride, the highly packed fluoride-rich crystals might alter the
mechanical properties of dentin as they do in bone (see Chapter 5). Unlike bone, however,
dentin does not undergo turnover. Some preliminary studies show that fluoride in dentin can
even exceed concentrations in bone and enamel (Mukai et al. 1994; Cutress et al. 1996; Kato et
al. 1997; Sapov et al. 1999; Vieira et al. 2004). Enamel fluorosis, which accompanies elevated
intakes of fluoride during periods of tooth development, results not only in enamel changes as
discussed above but also in dentin changes. It has now been well established that fluoride is
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elevated in fluorotic dentin (Mukai et al. 1994; Cutress et al. 1996; Kato et al. 1997; Sapov et al.
1999; Vieira et al. 2004). Whether excess fluoride incorporation in fluorotic teeth increases the
risk for dentin fracture remains to be determined, but the possibility cannot be ruled out.
Questions have also been raised about the possibility that fluoride may delay eruption of
permanent teeth (Kunzel 1976; Virtanen et al. 1994; Leroy et al. 2003). The hypothesized
mechanisms for this effect include prolonged retention of primary teeth due to caries prevention
and thickening of the bone around the emerging teeth (Kunzel 1976). However, no systematic
studies of tooth eruption have been carried out in communities exposed to fluoride at 2 to 4 mg/L
in drinking water. Delayed tooth eruption could affect caries scoring for different age groups.
FINDINGS
One of the functions of tooth enamel is to protect the dentin and, ultimately, the pulp
from decay and infection. Severe enamel fluorosis compromises this health-protective function
by causing structural damage to the tooth. The damage to teeth caused by severe enamel
fluorosis is a toxic effect that the majority of the committee judged to be consistent with
prevailing risk assessment definitions of adverse health effects. This view is consistent with the
clinical practice of filling enamel pits in patients with severe enamel fluorosis and restoring the
affected teeth.
In previous reports, all forms of enamel fluorosis, including the severest form, have been
judged to be aesthetically displeasing but not adverse to health (EPA 1986; PHS 1991; IOM
1997; ADA 2005). This view has been based largely on the absence of direct evidence that
severe enamel fluorosis results in tooth loss, loss of tooth function, or psychological, behavioral,
or social problems. The majority of the present committee finds the rationale for considering
severe enamel fluorosis only a cosmetic effect much weaker for discrete and confluent pitting,
which constitutes enamel loss, than it is for the dark yellow to brown staining that is the other
criterion symptom of severe fluorosis. Moreover, the plausible hypothesis of elevated caries
frequency in persons with severe enamel fluorosis has been accepted by some authorities and has
a degree of support that, though not overwhelmingly compelling, is sufficient to warrant concern.
The literature on psychological, behavioral, and social effects of enamel fluorosis remains quite
meager. None of it focuses specifically on the severe form of the condition or on parents of
affected children or on affected persons beyond childhood.
Two of the 12 members of the committee did not agree that severe enamel fluorosis
should now be considered an adverse health effect. They agreed that it is an adverse dental
effect but found that no new evidence has emerged to suggest a link between severe enamel
fluorosis, as experienced in the United States, and a person’s ability to function. They judged
that demonstration of enamel defects alone from fluorosis is not sufficient to change the
prevailing opinion that severe enamel fluorosis is an adverse cosmetic effect. Despite their
disagreement on characterization of the condition, these two members concurred with the
committee’s conclusion that the MCLG should prevent the occurrence of this unwanted
condition.
Severe enamel fluorosis occurs at an appreciable frequency, approximately 10% on
average, among children in United States communities with water fluoride concentrations at or
near the current MCLG of 4 mg/L. Strong evidence exists of an approximate population
threshold in the United States, such that the prevalence of severe enamel fluorosis would be
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reduced to nearly zero by bringing the water fluoride levels in these communities down to below
2 mg/L. There is no strong and consistent evidence that an appreciable increase in caries
frequency would occur by reducing water fluoride concentrations from 4 mg/L to 2 mg/L or
lower. At a fluoride concentration of 2 mg/L, severe enamel fluorosis would be expected to
become exceedingly rare, but not be completely eradicated. Occasional cases would still arise
for reasons such as excessive fluoride ingestion (e.g., toothpaste swallowing), inadvisable use of
fluoride supplements, and misdiagnosis.
Despite the characterization of all forms of enamel fluorosis as cosmetic effects by
previous groups, there has been general agreement among them, as well as in the scientific
literature, that severe and even moderate enamel fluorosis should be prevented. The present
committee’s consensus finding that the MCLG should be set to protect against severe enamel
fluorosis is in close agreement with conclusions by the Institute of Medicine (IOM 1997),
endorsed recently by the American Dental Association (ADA 2005). As shown in Table 4-10,
between 25% and 50% of United States children in communities with drinking water containing
fluoride at 4 mg/L would be expected to consume more than the age-specific tolerable upper
limits of fluoride intake set by IOM. Results from the Iowa Fluoride Study (Levy 2003) indicate
that even at water fluoride levels of 2 mg/L and lower, some children’s fluoride intake from
water exceeds the IOM’s age-specific tolerable upper limits (Table 4-11).
For all age groups listed in Table 4-10, the IOM's tolerable upper intake values
correspond to a fluoride intake of 0.10 mg/kg/day (based on default body weights for each age
group; see Appendix B). Thus, the exposure estimates in Chapter 2 also showed that the IOM
limits would be exceeded at 2 mg/L for non-nursing infants at the average water intake level
(Table 2-14). Specifically, as described in Chapter 2 (Tables 2-14 and 2-15), non-nursing infants
have an average total fluoride intake (all sources except fluoride supplements) of 0.144 and
0.258 mg/kg/day at 2 and 4 mg/L fluoride in drinking water, respectively. Corresponding values
are 0.090 and 0.137 mg/kg/day for children 1-2 years old and 0.082 and 0.126 mg/kg/day for
children 3-5 years old. Furthermore, at EPA's current default drinking water intake rate, the
exposure of infants (nursing and non-nursing) and children 1-2 years old would be at or above
the IOM limits at a fluoride concentration of 1 mg/L (Table 2-13). For children with certain
medical conditions associated with high water intake, estimated fluoride intakes from all sources
(excluding fluoride supplements) range from 0.13-0.18 mg/kg/day at 1 mg/L to 0.23-0.33
mg/kg/day at 2 mg/L and 0.43-0.63 mg/kg/day at 4 mg/L.
IOM’s tolerable upper limits were established to reduce the prevalence not only of severe
fluorosis, but of moderate fluorosis as well, both of which ADA (2005) describes as unwanted
effects. The present committee, in contrast, focuses specifically on severe enamel fluorosis and
finds that it would be almost eliminated by a reduction of water fluoride concentrations in the
United States to below 2 mg/L. Despite this difference in focus, the committee’s conclusions
and recommendations with regard to protecting children from enamel fluorosis are squarely in
line with those of IOM and ADA.
The current SMCL of 2 mg/L is based on a determination by EPA that objectionable
enamel fluorosis in a significant portion of the population is an adverse cosmetic effect. EPA
defined objectionable enamel fluorosis as discoloration and/or pitting of teeth. As noted above,
the majority of the committee concludes it is no longer appropriate to characterize enamel pitting
as a cosmetic effect. Thus, the basis of the SMCL should be discoloration of tooth surfaces only.
The prevalence of severe enamel fluorosis is very low (near zero) at fluoride
concentrations below 2 mg/L. However, from a cosmetic standpoint, the SMCL does not
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completely prevent the occurrence of moderate enamel fluorosis. EPA has indicated that the
SMCL was intended to reduce the severity and occurrence of the condition to 15% or less of the
exposed population. No new studies of the prevalence of moderate enamel fluorosis in U.S.
populations are available. Past evidence indicated an incidence range of 4% to 15% (50 Fed.
Reg. 20164 [1985]). The prevalence of moderate cases that would be classified as being of
aesthetic concern (discoloration of the front teeth) is not known but would be lower than 15%.
The degree to which moderate enamel fluorosis might go beyond a cosmetic effect to create an
adverse psychological effect or an adverse effect on social functioning is also not known.
TABLE 4-10 Tolerable Upper Fluoride Intakes and Percentiles of the U.S. Water Intake
Distribution, by Age Group
Age Group
0-6 months
7-12 months
1-3 years
4-8 years
a

Tolerable Upper Intake (IOM 1997)
Fluoride, mg/day Water, mL/day (at 4 mg/L)
0.7
175
0.9
225
1.3
325
2.2
550

Water Intake, mL/day (EPA 2004)
50th Percentile
75th Percentile
42
585
218
628
236
458
a
316
574a

Age 4-6 years. For age 7-10 years, the 50th percentile is 355 mL/day and the 75th percentile is 669 mL/day.

TABLE 4-11 Comparison of Intakes from Drinking Watera from the Iowa Fluoride Study and
IOM’s Upper Tolerable Intakes
Age, months
3
12
24
36
a

IOM Tolerable Upper
Intake (mg/day)
0.7
0.9
1.3
1.3

Percentiles of Iowa Fluoride Study Distribution (mg/day)
75th
90th
Maximum
0.7
1.1
6.7
0.4
0.7
6.0
0.4
0.6
2.1
0.5
0.7
1.7

Fluoride concentrations in drinking water ranged from <0.3 to 2 mg/L.
Source: Levy 2003.

RECOMMENDATIONS
• Additional studies, including longitudinal studies, of the prevalence and severity of
enamel fluorosis should be done in U.S. communities with fluoride concentrations higher than 1
mg/L. These studies should focus on moderate and severe enamel fluorosis in relation to caries
and in relation to psychological, behavioral, and social effects among affected children, their
parents, and affected children after they become adults.
• Methods should be developed and validated to objectively assess enamel fluorosis.
Consideration should be given to distinguishing between staining or mottling of the anterior teeth
and of the posterior teeth so that aesthetic consequences can be more easily assessed.
• More research is needed on the relation between fluoride exposure and dentin fluorosis
and delayed tooth eruption patterns.

5
Musculoskeletal Effects

This chapter evaluates the effects of fluoride exposure on the musculoskeletal system.
Topics considered include the effects of fluoride on bone cells (both bone-forming and boneresorbing cells), on the developing growth plate, and on articular cartilage as it may relate to
arthritic changes. New data on the effects of fluoride on skeletal architecture, bone quality, and
bone fracture are also considered. Information on bone cancer is provided in Chapter 10.
Effects on tooth development and other issues of oral biology are discussed in Chapter 4.
CHEMISTRY OF FLUORIDE AS IT RELATES TO MINERALIZING TISSUES
Fluoride is the ionic form of the element fluorine. Greater than 99% of the fluoride in the
body of mammals resides within bone, where it exists in two general forms. The first is a rapidly
exchangeable form that associates with the surfaces of the hydroxyapatite crystals of the
mineralized component of bone. Fluoride in this form may be readily available to move from a
bone compartment to extracellular fluid. Bone resorption is not necessary for the release of
fluoride in this form. However, the predominant form of fluoride in bone resides within the
hydroxyapatite crystalline matrix.
Hydroxyapatite is the mature form of a calcium phosphate insoluble salt that is deposited
in and around the collagen fibrils of skeletal tissues. The formula for pure hydroxyapatite is
Ca10(PO4)6OH2. It results from the maturation of initial precipitations of calcium and phosphate
during the mineralization process. As the precipitate matures, it organizes into hexagonal,
terraced hydroxyapatite crystals. Recent analysis of bone mineral indicates that a significant
proportion of the hydroxyapatite crystal is a form of carbonated apatite, where carbonyl groups
(CO3−) replace some of the OH− groups. Carbonated apatite is more soluble than hydroxyapatite
at acid pH. Fluoride incorporation into the crystalline structure of bone mineral occurs with the
creation of a form of apatite known as fluoroapatite (or fluorapatite). The formula for this form
of the crystal is Ca10(PO4)6F2 or Ca10(PO4)6OHF. These crystals also take on a hexagonal shape
and are found in terraced layers but, depending on the extent of fluoride in the crystal, may be
somewhat more elongated than pure hydroxyapatite. Because fluoroapatite is less soluble in
acidic solutions than hydroxyapatite, it was expected that fluoride incorporation into bone might
actually make the tissue stronger. However, this has proven not to be the case in human studies
(see below).
Release of fluoride from bone when it is in the form of fluoroapatite requires osteoclastic
bone resorption. Acidification of the mineral matrix by the osteoclast is sufficient to solubilize
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the fluoroapatite and allow free exchange with extracellular fluids. Once released, the effect of
fluoride on bone cells may be evident; however, the form in which fluoride has its effect remains
under debate. Some investigators contend that fluoride directly affects bone cells, but others
claim that the effect must be mediated by fluoride while in a complex with aluminum.
Do fluroaluminate complexes exist in biological fluids? The answer to this question
depends in large part on pH, protein concentration, and cell composition. However, in general,
in the acid environment of the stomach much of the aluminum and fluoride exist in a complex of
AlF3 or AlF4−. These forms (mostly AlF3) have been purported to cross the intestine and enter
cells (Powell and Thompson 1993). Once inside a bone cell the AlFx form appears to activate a
specific protein tyrosine kinase through a G protein and evoke downstream signals. A more
complete discussion of this process is presented in a later section of this chapter.
The prolonged maintenance of fluoride in the bone requires that uptake of the element
occurs at the same or greater rate than its clearance. This appears to be the case. (See Chapter 3
for more detailed discussion of the pharmacokinetic data on fluoride.) Turner et al. (1993) put
forward a mathematical model that appears to fit the known pharmacokinetic data. This model
assumes that fluoride influx into bone is a nonlinear function. This assumption is supported by
pharmacokinetic data (Ekstrand et al. 1978; Kekki et al. 1982; Ekstrand and Spak 1990) and is
required for the model to accurately predict fluoride movements. Another reasonable
assumption is that the bulk of fluoride that moves between the skeleton and the extracellular
fluid is due to bone remodeling. That is, most of the fluoride is either influxing or effluxing as a
result of cellular activity. The outcome of the Turner model predicts that (1) fluoride uptake is
positively associated with the bone remodeling rate and (2) fluoride clearance from the skeleton
takes at least four times longer than fluoride uptake. A key correlate to the first prediction is that
the concentration of fluoride in bone does not decrease with reduced remodeling rates. Thus, it
appears that fluoride enters the bone compartment easily, correlating with bone cell activity, but
that it leaves the bone compartment slowly. The model assumes that efflux occurs by bone
remodeling and that resorption is reduced at high concentrations of fluoride because of
hydroxyapatite solubility. Hence, it is reasonable that 99% of the fluoride in humans resides in
bone and the whole body half-life, once in bone, is approximately 20 years (see Chapter 3 for
more discussion of pharmacokinetic models).
The effects of fluoride on bone quality are evident but are less well characterized than its
effects on bone cells. Bone quality is an encompassing term that may mean different things to
different investigators. However, in general it is a description of the material properties of the
skeleton that are unrelated to skeletal density. In other words, bone quality is a measure of the
strength of the tissue regardless of the mass of the specimen being tested. It includes parameters
such as extent of mineralization, microarchitecture, protein composition, collagen cross linking,
crystal size, crystal composition, sound transmission properties, ash content, and remodeling
rate. It has been known for many years that fluoride exposure can change bone quality. Franke
et al. (1975) published a study indicating that industrial fluoride exposure altered hydroxyapatite
crystal size and shape. Although the measurements in their report were made with relatively
crude x-ray diffraction analyses, they showed a shorter and more slender crystal in subjects who
were aluminum workers and known to be exposed to high concentrations of fluoride. Other
reports documenting the effects of fluoride on ultrasound velocities in bone, vertebral body
strength, ash content, and stiffness have shown variable results (Lees and Hanson 1992; Antich
et al. 1993; Richards et al. 1994; Zerwekh et al. 1997a; Søgaard et al. 1994, 1995, 1997);
however, the general conclusion is that, although there may be an increase in skeletal density,
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there is no consistent increase in bone strength. A carefully performed comparison study
between the effects of fluoride (2 mg/kg/day) and alendronate in minipigs likely points to the
true effect: “in bone with higher volume, there was less strength per unit volume, that is, …there
was a deterioration in bone quality” (Lafage et al. 1995).
EFFECT OF FLUORIDE ON CELL FUNCTION
Two key cell types are responsible for bone formation and bone resorption, the
osteoblast and osteoclast, respectively. Osteoprogenitor cells give rise to osteoblasts.
Osteoprogenitor cells are a self-renewing population of cells that are committed to the osteoblast
lineage. They originate from mesenchymal stem cells. Osteoblasts contain a single nucleus, line
bone surfaces, possess active secretory machinery for matrix proteins, and produce very large
amounts of type I collagen. Because they also produce and respond to factors that control bone
formation as well as bone resorption, they play a critical role in the regulating skeletal mass.
Osteoclasts are giant, multinucleated phagocytic cells that have the capability to erode
mineralized bone matrix. They are derived from cells in the monocyte/macrophage lineage.
Their characteristic ultrastructural features allow them to resorb bone efficiently by creating an
extracellular lysosome where proteolytic enzymes, reactive oxygen species, and large numbers
of protons are secreted. Osteoclastogenesis is controlled by local as well as systemic regulators.
Effect of Fluoride on Osteoblasts
Perhaps the single clearest effect of fluoride on the skeleton is its stimulation of
osteoblast proliferation. The effect on osteoblasts was surmised from clinical trials in the early
1980s documenting an increase in vertebral bone mineral density that could not be ascribed to
any effect of fluoride on bone resorption. Biopsy specimens confirmed the effect of fluoride on
increasing osteoblast number in humans (Briancon and Meunier 1981; Harrison et al. 1981).
Because fluoride stimulates osteoblast proliferation, there is a theoretical risk that it might induce
a malignant change in the expanding cell population. This has raised concerns that fluoride
exposure might be an independent risk factor for new osteosarcomas (see Chapter 10 for the
committee’s assessment).
The demonstration of an effect of fluoride on osteoblast growth in vitro was first reported
in 1983 in avian osteoblasts (Farley et al. 1983). This study showed that fluoride stimulated
osteoblast proliferation in a biphasic fashion with the optimal mitogenic concentration being 10
µM. The finding that fluoride displayed a biphasic pattern of stimulation (achieving a maximal
effect at a specific concentration and declining from there) suggests that multiple pathways
might be activated. It is possible that low, subtoxic doses do stimulate proliferation, but at
higher doses other pathways responsible for decreasing proliferation or increasing apoptosis
might become activated. This thinking suggested that fluoride might have multiple effects on
osteoblasts and that might be the reason for some paradoxical findings in the clinical literature
(see below). Nevertheless, the characteristics of the fluoride effect point clearly to a direct
skeletal effect. Some of these characteristics are as follows: (1) the effects of fluoride on
osteoblasts occur at low concentrations in vivo and in vitro (Lau and Baylink 1998); (2) fluoride
effects are, for the most part, skeletal specific (Farley et al. 1983; Wergedal et al. 1988); (3)
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fluoride effects may require the presence of a bone-active growth factor (such as insulin-likegrowth factor I or transforming growth factor β) for its action (Farley et al. 1988; Reed et al.
1993); and (4) fluoride affects predominantly osteoprogenitor cells as opposed to mature
functioning osteoblasts (Bellows et al. 1990; Kassem et al. 1994).
Understanding the subcellular signaling mechanisms by which fluoride affects
osteoblasts is of paramount importance. Information in this area has the potential to determine
whether the fluoride effects are specific, whether toxicity is an issue, and what concentration
may influence bone cell function. Moreover, as the pathways become more clearly defined,
other targets might emerge. Two hypotheses in the literature describe the effect of fluoride.
Both state that the concentration of tyrosine phosphorylated signal pathway intermediates is
elevated after fluoride exposure. However, the means by which this occurs differs in the
hypotheses. One view is that fluoride blocks or inhibits the activity of a phosphotyrosine
phosphatase, thereby increasing the pool of tyrosine-phosphorylated proteins. The other view
supports an action of fluoride (along with aluminum) on the stimulation of tyrosine
phosphorylation that would also increase the pool of tyrosine-phosphorylated proteins. In the
first hypothesis, growth factor activation of the Ras-Raf-MAP kinase pathway would involve
stimulation of phosphotyrosine kinase activity. This is mediated by a family of cytosolic G
proteins with guanosine triphosphate acting as the energy source. In the presence of fluoride, a
sustained high concentration of tyrosine-phosphorylated proteins would be maintained because
of the inability of the cell to dephosphorylate the proteins. This theory implicates the existence
of a fluoride-sensitive tyrosine phosphatase in osteoblasts. Such an enzyme has been identified
and purified. It appears to be a unique osteoblastic acid phosphatase-like enzyme that is
inhibited by clinically relevant concentrations of fluoride (Lau et al. 1985, 1987, 1989; Wergedal
and Lau 1992). The second hypothesis supports the belief that an AlFx complex activates
tyrosine phosphorylation directly. Data from this viewpoint indicate that fluoride alone does not
stimulate tyrosine phosphorylation but rather that it requires the presence of aluminum
(Caverzasio et al. 1996). The purported mechanism is that the MAP kinase pathway is activated
by AlFx, which triggers the proliferation response. A novel tyrosine kinase, Pyk2, has been
identified that is known to be activated by AlFx through a G-protein-coupled response and might
be responsible for this effect (Jeschke et al. 1998). Two key pieces of evidence that support a Gprotein-regulated tyrosine kinase activation step in the fluoride effect are that the mitogenic
effect of fluoride can be blocked by genistein (a protein tyrosine kinase inhibitor) and pertussis
toxin (a specific inhibitor of heterotrimeric G proteins) (Caverzasio et al. 1997; Susa et al. 1997).
At least two other potential mechanisms deserve mention. Kawase and Suzuki (1989)
suggested that fluoride activates protein kinase C (PKC), and Farley et al. (1993) and Zerwekh et
al. (1990) presented evidence that calcium influx into the cells might be a signal for the fluoridemediated stimulation of proliferation.
In summary, the in vitro effects of fluoride on osteoblast proliferation appear to involve,
at the least, a regulation of tyrosine-phosphorylated proteins. Whether this occurs through
activation of MAP kinases, G proteins, phosphatases, PKC, or calcium (or a combination)
remains to be determined. Whatever the mechanism, however, it is evident that fluoride has an
anabolic activity on osteoblasts and their progenitors.
The effects of fluoride on osteoblast number and activity in in vivo studies and clinical
trials essentially parallel the in vitro findings. Most reports document increased osteoblast
number; however, some investigators have documented a complex and paradoxical effect of
fluoride in patients with skeletal fluorosis. Boivin et al. (1989, 1990) reported that, in biopsy
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bone cores taken from 29 patients with skeletal fluorosis of various etiologies (0.79% ± 0.36% or
7,900 ± 3,600 milligrams per kilogram [mg/kg] of bone ash), there is an apparent increase in the
production of osteoblasts with a concomitant increase in a toxic effect of fluoride at the cell
level. They provided data to indicate that chronic exposure to fluoride in both endemic and
industrially exposed subjects led to an increase in bone volume, an increase in cortical width, and
an increase in porosity. However, there was no reduction in cortical bone mass. Osteoid
parameters (unmineralized type I collagen) were also significantly increased in fluorotic patients.
Interestingly, the fluorotic group had more osteoblasts than the control group, with a very high
proportion of quiescent, flattened osteoblasts, but the mineral apposition rate was significantly
decreased. It appeared as though the increased numbers of quiescent cells were in a prolonged
inactive period. Thus, the conclusion drawn by these investigators was that fluoride exposure
increased the birth rate of new osteoblasts, but at high concentrations there was an independent
toxic effect on the cells that blocked the full manifestation for the increase in skeletal mass.
Boivin et al. used a fluoride-specific electrode for measurements in acidified specimens of
human bone. As a point of reference to the above findings, they found that normal control
subjects (likely not to have lived in areas with water fluoridation) have mean fluoride content in
bone ash (from iliac crest samples) ranging from 0.06% to 0.10% (600 to 1,000 mg/kg);
untreated osteoporotic patients range from 0.05% to 0.08% (500 to 800 mg/kg); NaF-treated
osteoporotic patients range from 0.24% to 0.67% (2,400 to 6,700 mg/kg) depending on duration
of therapy; and skeletal fluorosis patients range from 0.56% to 1.33% (5,600 to 13,300 mg/kg)
depending on the source and level of exposure (Boivin et al. 1988). All these ranges are of
mean concentrations of fluoride and not individual measurements.
Effect of Fluoride on Osteoclasts
The effects of fluoride on osteoclast activity, and by extension the rate of bone resorption,
are less well defined than its effects on osteoblasts. In general, there appears to be good
evidence that fluoride decreases osteoclastogenesis and osteoclast activity in in vitro systems;
however, its effect in in vivo systems is equivocal. This may be due, in part, to the systemic
effects of fluoride in whole animals or humans. A further discussion on this point appears
below.
Most reports in the literature studying the effect of fluoride on osteoclast function
indicate an inhibition. In fact, the effect might be mediated through G-protein-coupled pathways
as in the osteoblast. Moonga et al. (1993) showed that fluoride, in the form of AlF4− resulted in
a marked concentration-dependent inhibition of bone resorption. In association with this
inhibition, they found a marked increase in the secretion of tartrate-resistant acid phosphatase
(TRAP). TRAP presumably originated from the osteoclast; however, its function as a secreted
enzyme is not known. The fluoride effect was reproduced with cholera toxin, another Gs
stimulator. This effect does not appear to be mediated solely by an AlFx complex because
studies using NaF have reported similar findings (Taylor et al. 1989, 1990; Okuda et al. 1990).
Further evidence that fluoride might blunt osteoclastic bone resorption was reported in a
study that investigated acid production as a critical feature of osteoclastic function. The pH
within osteoclasts can be measured with the proton-sensitive dye acridine orange. Studies in
which osteoclasts were observed found that parathyroid hormone induced osteoclast acidity but
that calcitonin, cortisol, and NaF all blocked the effect. As acidification of the matrix is required
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for normal osteoclast function, fluoride, in this case, would act as an inhibitor to bone resorption
(Anderson et al. 1986).
The effects of fluoride on bone resorption and osteoclast function in vivo present a
complex picture. Some well-controlled animal studies document a decrease in osteoclast (as
well as odontoclast) activity. In these studies, rodents and rabbits were exposed to doses of
fluoride ranging from clinically relevant to high. Time courses ranged from days to weeks, and
the findings indicated a statistically significant decrease in the number and activity of resorbing
cells (Faccini 1967; Lindskog et al. 1989; Kameyama et al. 1994). Other studies documented
little or no statistically significant effect of fluoride on osteoclast activity (Marie and Hott 1986;
Huang 1987). Yet other work that utilized skeletal turnover and remodeling showed an increase
in resorption after fluoride therapy (Kragstrup et al. 1984; Snow and Anderson 1986). These
studies based their conclusions on the initiation of basic multicellular units (BMUs) and extent of
remodeling surface. In the field of skeletal research, it has been accepted that adult bone
remodels itself through the generation of BMUs. This unit is a temporal description of
remodeling starting with osteoclastic bone resorption and progressing through a coupled
stimulation of bone formation. All BMU activity, thus, is initiated with the action of an
osteoclast. An increase in remodeling surface also implies an increase in BMUs. Snow and
Anderson (1986) and Kragstrup et al. (1984) demonstrated an increase in resorption under the
influence of fluoride by measuring BMU numbers and remodeling surface, respectively.
Because these data were derived from intact in vivo animal models, the investigators could not
conclude that the effects of fluoride on osteoclastic bone resorption were direct.
It is interesting that only a single report has appeared that links fluoride exposure to the
receptor activator of NF kappaB (RANK) ligand, RANK receptor, or osteoprotegerin (OPG)
concentrations. These molecules have recently been characterized as end-stage regulators of
osteoclast formation and activity (Lee and Kim 2003). RANK ligand is produced by a variety of
cells, with osteoblasts being the most prominent. In its usual form, it is a membrane-associated
factor that binds to the RANK receptor on preosteoclasts and induces their further differentiation.
OPG is a decoy RANK receptor that is an endogenous inhibitor of bone resorption by virtue of
its ability to bind RANK ligand. A clinical trial by von Tirpitz et al. (2003) showed that both
fluoride and bisphosphonate therapy decreased OPG concentrations. If this were a direct effect
of fluoride, one would expect to see an increase in bone resorption. Conversely, if fluoride
blocked bone resorption, the decrease in OPG concentrations could be due to a compensatory
feedback pathway. Unfortunately, there were not enough histologic or biochemical marker data
in this report to determine whether the fluoride effect was direct or indirect.
EFFECTS OF FLUORIDE ON HUMAN SKELETAL METABOLISM
Bone Strength and Fracture
Cellular and Molecular Aspects
Inducing a permanent alteration of skeletal mass in an adult human (or experimental
animal) is quite difficult, because bone, as an organ system, possesses an innate mechanism for
self-correction. That is, rates of bone formation are controlled, for the most part, by rates of
bone resorption. As osteoclastic bone resorption increases or decreases, there is a compensatory
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increase or decrease in the rate of osteoblastic bone formation. This coupling between the two
cell activities was first described by Hattner et al. (1965), and is responsible for the maintenance
of a steady-state skeletal mass in adults. These early results indicate that effective management
of skeletal mass would require controlling both cell processes. However, until recently, the only
therapies approved by the U.S. Food and Drug Admnistration for treating osteoporosis in the
United States targeted only osteoclastic bone resorption. They included molecules such as the
bisphosphonates, estrogen and its analogs, and calcitonin derivatives. Currently, teraparitide is
available as the only approved treatment that acts to stimulate osteoblastic bone formation.
Fluoride falls into this category and that is the reason why there was such great interest in this
ion as a potential therapy for osteoporosis. Unfortunately, fluoride did not prove to be an
effective treatment for two major reasons. First, although it showed robust stimulation of bone
mineral density (see below), its effects as an agent to reduce fractures have never been
unequivocally documented. Second, because this naturally occurring element cannot be
protected with a patent, the pharmaceutical industry has not been interested in investigating all
its potential.
The first clinical trials of fluoride in humans were performed by Rich and Ensinck
(1961). Since then many hundreds of reports have appeared in the medical literature. The
overwhelming weight of evidence in these reports documents the effect of fluoride, at therapeutic
doses, to be that of an increase in bone mineral density. The lowest dose of NaF to show a clear
increase in bone mineral density was 30 mg/day, although there may be effects at lower doses
(Hansson and Roos 1987; Kleerekoper and Balena 1991). Response was linear with time for at
least 4 to 6 years (Riggs et al. 1990). This linear relationship was confirmed in another study
lasting more than 10 years (Kleerekoper and Balena 1991). The observation that bone mineral
density continues to increase with time is not surprising in and of itself; however, it differs from
the action of the antiresorptive bisphosphonates. Whereas agents that depress bone resorption
are most effective when the rate of bone remodeling is high, there appears to be no relationship
between the rate of remodeling and the response to fluoride. Also, in contrast to the recent data
demonstrating a persistence of bone density with the discontinuance of bisphosphonate therapy,
discontinuance of fluoride therapy leads to immediate resumption of bone density loss (Talbot et
al. 1996).
The dose and duration of fluoride exposure are critical components in determining the
effects of the ingested ion on bone. In addition, approximately 30% of patients do not respond to
fluoride at any dose (Kleerekoper and Mendlovic 1993). Moreover, there are wide variations in
bioavailability among patients and fluoride preparations, and individual responses to the ion also
vary widely (Boivin et al. 1993; Erlacher et al. 1995). Whereas the daily dose of fluoride in
randomized therapeutic trials (20 to 34 mg/day) exceeds that for people drinking water with
fluoride at 4 mg/L (4 to 8 mg/day for 1 to 2 L/day), the latter may be exposed much longer,
leading to comparable or higher cumulative doses and bone fluoride concentrations (see
discussion later in this chapter.)
Allolio and Lehmann (1999) noted that the peak blood concentrations of fluoride after
swallowing 8 oz of water (at 1.0 mg/L) all at once will reach 8.75 µg/L. If peak blood
concentrations are proportional to water concentration, then consumption of 8 oz of water
containing fluoride at 4 mg/L would produce peak concentrations below the threshold for effects
on osteoblasts examined in vitro (95 ng/mL) (Ekstrand and Spak 1990). Assuming that the blood
fluoride concentrations decline between each episode of water consumption of 8 oz or less, such
exposures may not achieve a concentration of fluoride in the extracellular fluids sufficient to
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affect bone cells. A caveat to this analysis is that bone cells may be exposed to potentially
higher (but unknown) concentrations because of their proximity to the mineralized bone
compartment. There have been no direct measurements of the local fluoride concentration
around a site of bone resorption. However, a calculation based on estimated rates of resorption,
diffusion kinetics, and starting concentration indicates that bone cells and other cells in the
immediate vicinity may experience high concentrations of fluoride.
The conditions for an estimate of the fluoride concentration as a function of distance from
the osteoclast are as follows:
1. The bone being resorbed has a fluoride content of 3,000 mg per kg of bone ash.
2. Bone ash is assumed to include 65% of the volume of viable bone and the density of
viable bone is 1.2 g/cm3. Thus, the concentration of fluoride in the bone compartment is
approximately 5,500 µg/cm3.
3. An osteoclast resorbs bone at an average rate of about 30,000 µm3 in 2.5 weeks.
4. The osteoclast is delivering fluoride to the extracellular fluid space from a point source
with a radius of 20 µm.
5. Diffusion occurs into a three-dimensional spherical space around the osteoclast.
6. The diffusion coefficient of fluoride in extracellular fluid is approximately 1.5 × 10−5
2
cm /s.
Under these conditions, the following equation describes the concentration of fluoride as
a function of time and distance from the site of bone resorption (Saltzman 2004) where: C is the

C (r , t ) =

SA
2 Dr

4 Dt
π

concentration of fluoride as a function of distance and time, S is the delivery rate of fluoride
from the resorption site, A is the radius of the point source from which the fluoride is delivered,
D is the diffusion coefficient of the fluoride, r is the distance from the resorption site, and t is the
time after commencement of the resorption.
A graphical representation of this function is presented in Figure 5-1.
An examination of the curves in Figure 5-1 indicates that the fluoride concentration
around a site of bone resorption can be quite high immediately adjacent to the osteoclast. The
theoretical maximum concentration at 20 µm from the site (at the surface of the osteoclast)
would be about 5,500 µg/cm3. The concentration rapidly decays to zero in very short times at
distances greater than 100 µm from the site. However, it appears that a sustained fluoride
concentration is achieved in the range of hours and persists for the entire resorption process.
Thus, by 2.5 weeks, the concentration of fluoride will be about 500 µg/cm3 at a distance of 250
µm from the resorption site. The concentration of fluoride tends toward zero at longer distances.
This modeling does not take into account any dissipation of fluoride due to flow of extracellular
fluid through the bone marrow compartment. A more complete picture of the local concentration
of fluoride around a resorption site should include this factor; however, there are no data on
which to base this estimate. Thus, considering that within approximately 1 hour, the fluoride
concentration achieves an equilibrium in the surrounding volume, it is likely that the actual
fluoride concentration is less, but not substantially so.
Within 250 µm of a site of resorption, it is possible to encounter progenitor cells that give
rise to bone, blood, and fat. Thus, one must assume that these cells would be exposed to high
concentrations of fluoride. At this time, it is not possible to predict what effect this exposure
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FIGURE 5-1 Concentration of fluoride plotted as a function of time and distance from the site
of bone resorption. Release of fluoride from a site of bone resorption can achieve a near steady
state concentration in a matter of hours. Twenty microns was defined as the radius of the point
source from which fluoride was delivered to the extracellular fluid. Acknowledgement: Dr.
Hani Awad, University of Rochester, Rochester, New York, assisted in this analysis.
would have on the functioning of skeletal elements, hematopoiesis, and adipose formation. It
should also be pointed out that the number of resorbing sites in an adult skeleton at any point in
time is quite small, on the order of 1 × 106 sites. That is, of the vast surface area of trabecular
bone in a human skeleton, only about 1 million sites of bone resorption are occurring at any
given moment. Whether these elevated concentrations of fluoride have a meaningful effect on
bone metabolism can only be speculated at this time.
Some studies have measured the fluoride content of bone, but its effect on a direct
measurement of bone strength in humans is not easy to determine. Animal studies have provided
some clues. Some studies have reported a biphasic effect of fluoride on bone strength (Beary
1969; Rich and Feist 1970; Turner et al. 1992). For example, Turner et al. (1992) reported an
increase in bone strength in rats with bone fluoride concentrations up to 1,200 mg/kg, but they
found a decrease in strength back to that of untreated animals with concentrations around 6,000
to 7,000 mg/kg. Skeletal specimens with fluoride concentrations greater than this appeared to
have less strength than control treated bone. A variable that may affect the analysis of bone
strength is the age of the animal (see Chapter 3). Turner et al. (1995) performed another study in
which they found little effect of fluoride on bone strength at any concentration in young rats but
a significant effect in old rats. The predominant effect in the older animals clustered around
bone fluoride concentrations of 6,000 to 8,000 mg/kg (Turner et al. 1995). Thus, whether
fluoride has a biphasic effect on bone strength has not been firmly established.
Other reports in the literature suggesting that fluoride might diminish bone strength in
animal models have appeared. Studies of rabbits by Turner et al. (1997) and Chachra et al.
(1999) have put forward the point of view that fluoride exposure might decrease strength by
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altering the structural integrity of the bone microarchitecture. Turner et al. (1997) found no
effects of fluoride on a number of bone serum markers, but an increase in bone formation and
bone mass. However, this was accompanied by a decrease in bone strength at multiple sites. In
a subsequent paper, these authors suggest that the decrease in strength might be due to alterations
in mineral crystal structure (Chachra et al. 1999). Whether these results occur in humans
remains to be shown. A decrease in bone strength in a human population will definitely increase
the risk of fracture and there have been case reports to document this, especially in subjects who
may be highly susceptible to accumulating fluoride, such as those with renal failure (Gerster et
al. 1983). A more complete discussion of the effects of fluoride in larger population studies
follows.
The applicability of rat studies to quantitatively assess risk of bone fracture in humans is
uncertain because of the physiological differences between the skeletons of the species. For
example, fluoride uptake into bone occurs more readily in humans than in rats (see Chapter 3 and
Appendix D). Rats do not undergo Haversian remodeling in their cortical bones as humans do.
On the other hand, if fluoride affects bone properties through crystal structure and the mineralcollagen interface, changes in rat bone strength may provide a model for human bone strength
(Turner et al. 1992). In addition, whereas the relationship between bone strength and fracture
has been studied in rodents, no comparable data are available for humans. The committee
therefore judges that the rat experiments provide qualitative support for an effect of fluoride on
fractures in humans but cannot yet be used to make quantitative risk estimates for this end point.
The qualifications noted above for rats do not apply as strongly to the rabbit model.
Rabbits undergo Haversian remodeling (i.e., osteoclast bone resorption within cortical bone) as
do humans (Hirano et al. 1999), and the rabbit growth plate behaves more like a human than
does a rat or mouse (Zaleske et al. 1982; Irie et al. 2005). Thus, the rabbit is a better model for
studying bone effects than rats or mice.
Epidemiology Data
The committee reviewed epidemiologic data on the relationship between fluoride
exposure and fractures from two sources: observational studies of exposure to fluoride in water
and randomized clinical trials of the use of fluoride in treating osteoporosis. Table 5-1
summarizes studies of bone fracture in populations exposed to fluoride in drinking water. Most
of these studies have compared fluoridated (1 mg/L) and nonfluoridated areas. A meta-analysis
by McDonagh et al. (2000a, b) evaluated bone fractures in relation to water fluoridation.
Consequently, they excluded data from areas with drinking water fluoridated above 1 mg/L, if
data at 1 mg/L were available. Results for fractures were reported as evenly distributed around
the null—no effect—but statistical testing showed significant heterogeneity among studies.
Because the exposures evaluated in this paper did not specifically address the committee’s
charge, this meta-analysis and most of the studies on which it was based were not critically
evaluated. The committee restricted its attention to the observational studies that most directly
address the study charge: studies that examined long-term exposure to fluoride in the range of 2
to 4 mg/L or above in drinking water. Randomized clinical trials that exposed subjects to higher
doses over shorter periods of time were also considered.

Subjects
Residents of fluoridated
and nonfluoridated
communities (age ≥65; n
(fluoridated
communities) = 40
million; n
(nonfluoridated
communities) = 30
million; n (cases) =
218,951)

Patients discharged with
hip fracture in counties
throughout the USA (n =
541,985)
5% of Medicare
population (ages 65 to
89; n [cases] = 59,383)

Study Design Country
Ecological
USA (national)

USA (national)

USA (national)

Ecological

Ecological

Fluoridated
Nonfluoridated
(concentrations not
specified)
≤0.3 mg/L (natural)
≥0.7 mg/L (natural and
artificial)

Exposure
Fluoridated
Nonfluoridated
(concentrations not
specified)

Karagas et
al. 1996

Jacobsen
et al. 1990

Reference
Jacobsen
et al. 1992

(Continued)

Observations
Relative risk (RR) of hip fracture in
fluoridated communities was 1.08 (95%
confidence interval [CI] 1.06 to 1.10) for
women and 1.17 (95% CI 1.13 to 1.22) for
men.
Lack of dose-response relationship between
hip fracture risk and duration of water
fluoridation. Analyses of annual ageadjusted incidence rates by duration of
county water fluoridation showed a pattern
of lowest risk in nonfluoridated counties and
highest risk in counties fluoridated for up to
5 years, but rates gradually declined for
longer durations.
Weak positive association (before and after
adjustment) between hip fracture incidence
and percent of county residents who live in
counties with fluoridated water.
RR of hip fracture in the fluoridated group
was 1.00 (95% CI 0.92 to 1.09) for men and
1.01 (95% CI 0.96 to 1.06) for women. For
ankle fracture, it was 1.01 (95% CI 0.87 to
1.16) for men and 1.00 (95% CI 0.92 to 1.08)
for women. For fractures of the distal
forearm and proximal humerus, a gender
difference in risk was found. For women,
there was no association between
fluoridation and the two types of fractures.
Men in fluoridated areas had a 23% higher
risk of proximal humerus fracture (RR 1.23;
95% CI 1.06 to 1.43) and a 16% higher risk
of distal forearm fracture (RR 1.16; 95% CI
.02 to 1.33).
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USA (Oregon,
Minnesota,
Maryland,
Pennsylvania)

USA
(Minnesota)

USA
(Pennsylvania)

USA (Utah)

USA (Iowa)

Prospective
cohort

Ecological

Prospective
cohort

Ecological

Prospective
cohort

Study Design Country
Ecological
USA (national)

TABLE 5-1 Continued
Exposure
≥0.7 mg/L (natural); groups
assessed in terms of <20%
or ≥80% of the population
exposed to fluoridated
water
Exposed to fluoridated or
nonfluoridated
(concentrations not
specified) water for 20
years

Observations
Rate of hip fracture hospitalization per 1,000
in the population with <20% exposed was 2.4
for women and 1.0 for men. For the group
with ≥80% exposed, the rates were 2.2 for
women and 1.1 for men.
RR after multivariate adjustment was 0.96
Women (ages ≥65; n =
(95% CI 0.83 to 1.10; P = 0.536) for
5,781)
nonvertebral fractures, 0.73 (95% CI 0.55 to
0.97; P = 0.033) for vertebral fractures, 0.69
(95% CI 0.50 to 0.96; P = 0.028) for hip
fractures, 0.85 (95% CI 0.58 to 1.23; P =
0.378) for humerus fractures, and 1.32 (95%
CI 1.00 to 1.71; P = 0.051) for wrist
fractures.
Participants in another
10 years before and 10
Incidence of hip fracture was 484 per
epidemiology project
years after fluoridation (1.1 100,000 residents before fluoridation and 450
(ages ≥50)
mg/L) was implemented
per 100,000 residents after fluoridation. RR
associated with fluoridation was 0.63 (95%
CI 0.46 to 0.86).
Axial and appendicular bone mass was
Women participating in 1.0 mg/L (artificial)
similar between women exposed to fluoride
0.15 mg/L (natural)
osteoporotic fracture
for >20 years and those exposed for ≤20
study (ages ≥65; n =
years. No significant association was found
Number of years of
2,076)
exposure: 0, 1 to 10, 11 to between fluoride exposure and wrist, spinal,
nonspinal, osteoporotic, or hip fractures.
20, >20 years
Hip fracture patients
1 mg/L (artificial)
RR of hip fracture in the fluoridated
(ages ≥65; n = 246)
<0.3 mg/L (natural)
population was 1.27 (90% CI 1.08 to 1.46)
for women and 1.41 (95% CI 1.00 to 1.81) in
men.
1 mg/L (w/Ca at 60 mg/L) RR for osteoporotic fractures was 2.55 (P =
Women from 3
1 mg/L (w/Ca at 375 mg/L) 0.07) in the 4 mg/L group. Serum fluoride
communities with
different concentrations 4 mg/L (w/Ca at 15 mg/L) concentrations were not related to
osteoporotic fractures or bone mineral
of fluoride in water (ages
density.
20-92, n = 1,300)

Subjects
Data from National
Health Interview
Surveys (ages ≥45; n =
44,031)

Sowers et
al. 2005

Danielson
et al. 1992

Cauley et
al. 1995

Jacobsen et
al. 1993

Phipps et
al. 2000

Reference
Madans et
al. 1983
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USA (Iowa)

USA
(Michigan)

Canada

United
Kingdom

Ecological

Ecological

Case-control

Retrospective USA (Iowa)
cohort

Prospective
cohort

1 mg/L (w/Ca at 67 mg/L)
1 mg/L (w/Ca at 375
mg/L)
4 mg/L (w/Ca at 15 mg/L)

Patients with hip
fractures (ages ≥ 50; n
[cases]) = 514; n
[controls]= 527)

Women from 3
communities with
different concentrations
of fluoride in water
Female Medicaid
recipients (ages ≥ 65)

<0.9 mg/L (artificial)
≥0.9 mg/L (natural)

1 mg/L (w/Ca at 60 mg/L)
1 mg/L (w/Ca at 375
mg/L)
4 mg/L (w/Ca at 15 mg/L)
≥89% of the population
receives fluoridated water
(2 groups)
<15% of the population
receives fluoridated water
Patients (ages 45 to 64, 0.3 mg/L
65+) with hip fracture in 1 mg/L
two cities

Women from 3
communities with
different concentrations
of fluoride in water
(ages 20 to 35 and 55 to
80; n = 158 [referents],
n = 230 [high fluoride])

Long-bone fracture rates were 94.3 per
1,000 and 81.1 per 1,000 in the two
populations that are ≥ 89% fluoridated. The
rate was 78.8 per 1,000 in the population
that was < 15% fluoridated.
For men, ages 45 to 64, standardized
hospital admission rates were 0.59 and 0.55,
respectively; for men over 65, rates were
5.09 and 4.52. For women, ages 45 to 64,
corresponding rates were 0.60 and 0.71; and
for ages over 65, they were 9.54 and 9.91.
Estimated average lifetime exposure to
fluoride in drinking water ranged from 0.15
to 1.79 mg/L. Odds ratio associated with an
average lifetime exposure to ≥ 0.9 mg/L was
1.0 (94% CI 0.7 to 1.5).

In the 4-mg/L group, RR of any fracture was
1.81 (95% CI 0.45 to 8.22) in
premenopausal women and 2.11 (95% CI
1.01 to 4.43) in postmenopausal women.
RR for fractures of the hip, wrist, or spine
was 2.70 (95% CI 0.16 to 8.28) in
premenopausal women and 2.20 (95% CI
1.07 to 4.69) in postmenopausal women.
Postmenopausal women in the 4 mg/L group
reported significantly more fractures than
the other two groups.

(Continued)

Hillier et
al. 2000

SuarezAlmazor
et al. 1993

Avorn and
Niessen
1986

Sowers et
al. 1986

Sowers et
al. 1991
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Observations
Discharge rates ranged from 0.88 to 2.30.
No correlation was found between discharge
rates for patients with proximal femur
fractures and water fluoride concentrations (r
= 0.16, P = 0.34).
Subsequent reanalysis of the data using a
weighted least-squares technique showed a
positive correlation between fluoride
concentrations and hip fracture (r = 0.41, P =
0.009).
Subjects enrolled in
0.05 to 0.11 mg/L
Odds ratio for hip fractures was 1, 3.25 (95%
another study (ages ≥ 65; 0.11 to 0.25 mg/L
CI 1.66 to 6.38), and 2.43 (95% CI 1.11 to
n = 3.216)
>0.25 mg/L
5.33), respectively. Odds ratio for non-hip
fractures was 1, 0.88 (95% CI 0.63 to 1.22),
and 1.05 (95% CI 0.74 to 1.51).
Subjects enrolled in
0.05 to 0.11 mg/L
Odds ratio for hip fractures were 1 and 1.86
another study on aging 0.11 to 1.83 mg/L
(90% CI 1.02 to 3.36), respectively. Odds
(ages ≥ 65; n = 3,777)
ratio for non-hip fractures were 1 and 0.98
(95% CI 0.80 to 1.21), respectively.
Residents of fluoridated 0.08 to 0.36 mg/L (natural) Mean annual incidence of hip fracture in the
and nonfluoridated
0.77 to 1.20 mg/L
fluoridated community was 173.36 per
communities
(artificial)
100,000 for women and 56.79 per 100,000
men. In the nonfluoridated group, it was
189.35 per 100,000 in women and 56.60 per
100,000 in men.
Residents of two
1.45 mg/L (natural)
Significantly greater rate of fracture
counties
0.05 mg/L (natural)
incidence, particularly femur fractures (RR
for males 4.28 and for females 2.64), in the
low-exposure community.

France

France

Germany

Italy

Prospective
cohort

Ecological

Ecological

Ecological

Study Design Country
Subjects
Exposure
Ecological
England, Wales Patients discharged from 0.005 to 0.93 mg/L (natural
hospital after hip fracture and artificial)
(ages ≥45; n = 20,393)

TABLE 5-1 Continued

Fabiani et
al. 1999

Lehmann
et al. 1998

JacqminGadda et
al. 1995

JacqminGadda et
al. 1998

Reference
Cooper et
al. 1990,
1991
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Residents of a rural
location (n = 144,627)

Premenopausal women
in a province (ages 47 to
56; n = 3,222)
Patients with hip fracture
(ages ≥50)

Residents in two towns
(n = 71,811 and n =
61,587)

Retrospective Finland
cohort

Retrospective Finland
cohort

Finland

Finland

Ecological

Ecological

<0.1 mg/L
1 mg/L

<0.3 mg/L (natural)
1.0 to 1.2 mg/L (artificial)
>1.5 mg/L (natural)

<0.3 mg/L (natural)
1 to 1.2 mg/L (artificial)

≤0.1 mg/L
0.11 to 0.30 mg/L (natural)
0.31 to 0.50 mg/L (natural)
0.51 to 1.00 mg/L (natural)
1.10 to 1.50 mg/L (natural)
>1.50 mg/L (natural)

Age-and area-adjusted RRs for men were 1.0,
1.05 (95% CI 0.90 to 1.22), 0.72 (95% CI
0.51 to 1.02), 1.03 (95% CI 0.81 to 1.32),
0.67 (95% CI 0.46 to 0.97), and 0.98 (95%
CI 0.61 to 1.60). Corresponding values for
women were 1.0, 0.93 (95% CI 0.84 to 1.02),
1.12 (95% CI 0.93 to 1.34), 1.12 (95% CI
0.96 to 1.31), 1.08 (95% CI 0.88 to 1.32), and
1.08 (95% CI 0.80 to 1.46).
Among women aged 50 to 64 years, fluoride
was associated with increased risk of hip
fracture. Age- and area-adjusted rate ratio
for this age group was 2.09 (95% CI 1.16 to
3.76) in the highest-exposure group (>1.5
mg/L) compared with the lowest-exposure
group (≤0.1 mg/L).
No significant difference in fracture
incidence among the fluoridated (15.4%) and
nonfluoridated group (13.4%) (P = 0.220).
No difference in incidence of hip fracture
among exposure groups. Osteofluorosis was
found in 22% of the high exposure group.
Fluoride content of the bone was correlated
with volumetric density of trabecular bone
and osteoid-covered trabecular bone surface.
In the <0.1-mg/L exposure group, RR was
2.5 (95% CI 1.6 to 3.9) for men and 1.5 (95%
CI 1.2 to 1.8) for women. In the group
exposed to 1 mg/L, RR was 1.0 for men and
women.
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Simonen
and
Laitinen
1985

Arnala et
al. 1986

Kroger et
al. 1994

Kurttio et
al. 1999
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Mexico

USA

Ecological

Case-control

Study Design Country
Retrospective China
cohort

TABLE 5-1 Continued
Exposure
0.25 to 0.34 mg/L (natural)
0.58 to 0.73 mg/L (natural)
1.00 to 1.06 mg/L (natural)
1.45 to 2.19 mg/L (natural)
2.62 to 3.56 mg/L (natural)
4.32 to 7.97 mg/L (natural

Observations
Lowest prevalence of overall bone fracture
was found in the 1.00 to 1.06 mg/L group
and was significantly lower (P < 0.05) than
that of the groups exposed to concentrations
≥4.32 and ≤0.34 mg/L. Prevalence of hip
fracture was greatest in the in the 4.32 to 7.97
mg/L group and was significantly higher than
the 1.0- to 1.06-mg/L group.
Increased bone fracture (bone types not
Children (ages 6 to 12
ND to 1.5 mg/L (natural)
years) and adults (ages
1.51 to 4.99 mg/L (natural) specified) incidence was observed at
13 to 60 years)
5.0 to 8.49 mg/L (natural) concentrations ranging from 1.5 to 4.99
8.5 to 11.9 mg/L (natural) mg/L. A plot of the incidence of fractures in
adults versus the average corresponding
>12 mg/L (natural)
fluoride concentration by zone indicated a
third-order polynomial correlation (R2 =
0.9995). Incidence in children was similar,
except in one zone.
Linear correlation between Dean index for
dental fluorosis and the frequency of bone
fracture in children (R2 = 0.94) and adults
(R2 = 0.98).
Women participating in Concentrations in toenails Women with higher concentrations of toenail
fluoride appeared to be at greater risk of
the Nurses’ Health Study <2.00 ppm
forearm fracture but to have a lesser risk of
2.00 to 3.35 ppm
(ages 30 to 55; n (hip
hip fracture than women with toenail
fracture) = 53; n (forearm 3.36 to 5.50 ppm
concentrations <2 ppm.
>5.50 ppm
fracture) = 188; n
Odds ratio of hip fracture in women with
(controls) = 241.
>5.50 ppm compared with those with <2.00
ppm was 0.8 (95% CI 0.2 to 4.0).
Corresponding adjusted odds ratio for
forearm fracture was 1.6 (95% CI 0.8 to 3.1).

Subjects
Residents of rural
communities exposed to
various concentrations of
fluoride in drinking water
(ages ≥50; n = 8,266)

Feskanich
et al. 1998

AlarconHerrera et
al. 2001

Reference
Li et al.
2001
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The committee considered a number of factors as it evaluated the available data,
including the following:
• The committee assumed that fluoride concentrations in bone are the most appropriate
measure of exposure. Although difficult to measure in epidemiology studies, bone fluoride
concentrations are positively associated with the amount of fluoride exposure, length of
exposure, age, and certain diseases such as chronic renal insufficiency (see Chapter 3 for
discussion of pharmacokinetic factors that affect fluoride uptake by bone). Use of other fluoride
exposure measures is likely to cause measurement error. While exposure measurement error
often biases results toward the null, there are many exceptions.
• U.S. exposure estimates presented in Chapter 2 indicate that water will be the major
route of exposure for Americans drinking or cooking with water containing fluoride at 4 mg/L
but that other sources become more important at concentrations closer to 1 mg/L.
• The incidence of fractures increases dramatically in old age. Minor or moderate
traumas cause more fractures in the elderly than in healthy young adults. Other known or
suspected risk factors include being female, being postmenopausal, diet (e.g., low calcium),
physical inactivity, low body mass index, and use of certain drugs (e.g., corticosteroids) (Ross
1996; Woolf and Åkesson 2003). As a result, age is a very important covariate both as a
potential confounder and as an effect modifier; control for age may need to be fairly detailed
above age 50.
• Self-reports of fractures are reasonably accurate, although vertebral fractures are
typically underreported. Elderly women may overreport total fractures, but the percent of false
positives may be lower for fractures of the wrist and hip (Nevitt et al. 1992; Honkanen et al.
1999). Thus, although epidemiological studies would be better if they confirm the presence or
absence of fractures, self-reports may be adequate. For example, relative risk measures (risk and
rate ratios, but not odds ratios) are unbiased if the outcome is nondifferentially underreported but
false positives are negligible (Poole 1985). We might expect the degree of false-positive
reporting and underreporting not to differ by fluoride water concentrations, thus tending to
attenuate associations.
• Fluoride may have different effects on fractures of different bones (as suggested by
Riggs et al. 1990). Consequently, epidemiologists need to be careful about the degree of
aggregation of outcomes. If some bone sites are included that are not susceptible, then relative
risk estimates will be biased toward the null; risk or rate differences would not.
• Studies that measure outcome and covariates individually but exposure by group (e.g.,
by water concentration) use a partially ecologic or group-level design. This design greatly
improves the ability to measure and control for covariates relative to pure ecologic studies;
control of covariates is one of the major problems in purely ecologic studies. See Appendix C for
a description of these design differences.
Below is a review of the available epidemiologic data for evaluating the adequacy of
EPA’s maximum-contaminant-level goal (MCLG) for fluoride of 4 mg/L and secondary
maximum contaminant level (SMCL) of 2 mg/L for protecting the public from bone fractures.

124

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

Studies Relevant to Assessing Risks at 4 mg/L
Observational Studies. The committee is aware of five published observational studies
of fractures in subjects exposed to drinking water containing fluoride at 4 mg/L or higher
(Sowers et al. 1986, 1991, 2005; Alarcón-Herrera et al. 2001; Li et al. 2001) and another (Kurttio
et al. 1999) involving somewhat lower exposures that has some relevance. The first two Sowers
papers examine the same cohort, one retrospectively (Sowers et al. 1986) and one prospectively
(Sowers et al. 1991). Because the analysis in the 1986 paper is less detailed for fractures
(particularly the discussion of potential confounders), it has been given less attention. Features
of the key papers are highlighted in Table 5-2.
Sowers et al. (1991) directly assessed the risk of fracture from fluoride at 4 mg/L,
reporting adjusted odds ratios (ORs) of 2.1 (95% CI = 1.0 to 4.4) for any fracture, and 2.2 (95%
CI = 1.0 to 4.7) for fracture of the hip/wrist/spine in women 55 to 80 years of age at baseline
(ORs were also elevated in younger women). The reference group was exposed to fluoride at 1
mg/L. This is a strong study, particularly because of its prospective cohort design. Although the
1993 National Research Council (NRC) report labeled it as ecologic, it is actually an individuallevel study with an ecologic exposure measure (such designs are also called semi-individual; see
Appendix C). Outcome and important covariates, including age, are measured at the individual
level (control of covariates is particularly problematic in fully ecologic studies). This study has
some weaknesses: confounding was assessed by using stepwise logistic regression (a common
but less than optimal method for assessing confounding) and fractures were self-reported. Selfreports of fractures are often quite reliable (except for the spine, where underreporting is typical).
Details about the interviewers (training or blinding to exposure) were not provided. The paper
also examined fractures in a community with high calcium concentrations in water: the adjusted
OR for fracture of the hip/wrist/spine was 1.6 (95% CI = 0.71, 3.4) for the older women and 0.30
(95% CI = 0.04, 3.4) for younger women (the ORs for all fractures were similar). The regression
analysis comparing the high fluoride and the reference communities was adjusted for calcium
intake, but it produced no change.
The newest study by Sowers et al. (2005) investigated bone fracture in relation to fluoride
concentration in drinking water. The authors measured serum fluoride, providing a potentially
improved exposure assessment. In this cohort study, fractures were assessed prospectively for 4
years. Fractures were self-reported and then confirmed with medical records or x-ray copies, if
available; lack of fractures was apparently not confirmed. Sowers et al. (2005) collected
individual-based information on people from the same regions as the 1986 and 1991 studies.
They collected serum fluoride concentrations and bone mineral density of the hip, radius, and
spine. The number of subjects was considerably expanded (n = 1,300) from the earlier studies.
Although there may be overlap in specific subjects, all the fracture events were recent. The
authors reported risk ratios of fractures in the high fluoride area that were similar to those in the
previous studies (risk ratio = 2.55, P = 0.07, even when adjusting for bone mineral density,
which could function as an intervening variable between water ingestion and fracture outcome).
Use of ecologic exposure measures need not cause bias due to exposure measurement error (see
Appendix C).
Serum fluoride concentration was higher in the community with fluoride at 4 mg/L in
drinking water. Bone and serum concentrations are related but the latter have more noise—
potentially much more, depending on how samples were collected. Serum fluoride
concentrations can vary within individuals, returning to baseline within hours of exposure.

Overall
Additional
comments

Results

Confounding

Outcomes

No. subjects
Exposure
assessment

Location

Design

Sowers et al. (1991)
Prospective cohort with ecologic
exposure measure
3 areas in Iowa (USA) with fluoride at 1
or 4 mg/L
827 at baseline, good follow-up
Ecologic; other sources likely in lowexposure groups; long residence time

Alarcón-Herrera et al( 2001)
Ecologic

Guadiana Valley, Mexico, with fluoride
ranging from <1.5 to 16 mg/L
1,437 (333 less than 13 years old)
Ecologic; inconsistent documentation
(e.g., use of bottled water mentioned for
only one area); permanent residents not
defined
Self-reported fracture; any fracture “ever
Self-reported fractures validated via x-ray, Self-reported fractures (spine fractures
likely underreported) for 5 year follow- occurred without apparent cause, where a
but lack of fracture not confirmed; recall
up; report all fractures, plus fractures of bone fracture would not normally be
bias seems unlikely; report all fractures
since age 20 or 50, also hip since age 20; hip/wrist/spine; count number of subjects expected to occur”—highly subjective;
counts multiple fractures per person?
with fractures
count number of subjects with fractures
Similar communities; many individual- No variables analyzed other than crude
Very similar communities; many
level risk factors; imperfect method for stratification by age (<13, ≥13); major
individual-level risk factors; imperfect
covariate control (relying on significance weakness
method for covariate control (relying on
tests)
significance tests)
U-shaped results for all fractures,
Increased risk at 4 mg/L versus 1 mg/L Effect measures not presented; percent of
increasing trend for hip (age > 20):
fractures increases in adults from 3.1%
adjusted ORs (P values) versus 1 mg/L:
(<1.5 mg/L) to 7.9% (1.51 to 4.99 mg/L),
Women 55 to 80 at baseline,
Fluoride, mg/L All sites
Hip
8.9% (5 to 8.99 mg/L), but then decreases.
adjusted ORs and (95% CI) versus 1
P values for the two intermediate levels
mg/L:
2.62 to 3.56
1.18 (0.35) 1.73 (0.34)
were 0.046 and 0.041.
2.1 (1.0, 4.4) for any fracture
4.32 to 7.97
1.47 (0.02) 3.26 (0.02)
2.2 (1.0, 4.7) hip/wrist/spine
Total fractures since age 50 also provided
Strong study
Strong study
Weak study
Suggestive analysis of fracture versus
dental fluorosis but insufficient detail
(Continued)

Li et al. (2001)
Retrospective cohort with ecologic
exposure measure
China, 6 areas with fluoride ranging from
0.25 to 7.97 mg/L
8,262
Ecologic; negligible sources other than
water; very-long-term residents; very
strong for this type of study

TABLE 5-2 Observational Studies of Bone Fractures in Populations Exposed to Fluoride Near 4 mg/L in Drinking Water

125

Kurttio et al. 1999
Historical cohort

Sowers et al. 2005
Prospective cohort with both ecologic and individual-level
exposure measures
Same three areas of Iowa as earlier study
1,300 women aged 20 to 92 (average, 55)
Ecologic (area of study)
Individual (serum fluoride concentration)

Finland, rural communities nationwide
144,000+
Groundwater measurements of almost 9,000 wells
Fluoride concentrations estimated for each residence by using
weighted medians, smoothed interpolations. Categories: <0.1,
0.1 to 0.3, 0.3 to 0.5, 0.5 to 1.0, 1 to 1.5, and >1.5 mg/L.
Highest category corresponded to sampled concentrations of less
than detection level to approximately 6 mg/L.
Outcomes
First recorded hip fracture
Self-reported fracture, confirmed by medical records or x-ray
copies, if available. Lack of fractures apparently not confirmed.
Fractures separated into likely osteoporotic (hip, spine, wrist,
ribs) and other.
Confounding Analyzed controlling for age and geographic sector. Age
Similar communities; many individual-level risk factors;
adjustment was conducted within broad strata of 50 to 64 and 65 to imperfect method for covariate; control (relying on significance
80. No information on nutrition, alcohol use, or physical activity.
tests). Unclear if some covariates were included.
Ecologic: 2.55-fold increased risk (P = 0.07) osteoporotic
Results
For comparisons between the >1.5 mg/L group and the <0.1
fracture at 4 mg/L versus 1 mg/L for all women (age breakdown
mg/L group (ages 50 to 65), adjusted RR = 2.09 (95% CI, 1.16
not provided) after adjustment (including bone mineral density
to 3.76) in women, RR = 0.87 (95% CI, 0.35 to 2.16) in men.
For all ages combined, no associations apparent. For fluoride as of femoral neck).
a continuous variable, RR = 1.44 (95% CI, 1.12 to 1.86) for
women below age 65 at start of follow-up, and RR = 0.75 (95% Individual: RR = 1.16 (P = 0.66) for osteoporotic fracture
versus log of serum fluoride for all women, after adjustment
CI, 0.51 to 1.12) for men in same age stratum (age and region
(including bone mineral density of femoral neck).
adjusted). Women ages 55 to 69 had the most elevated RR in
the continuous-variable analysis. Among separate 5-year
components of follow-up period, the results were inconsistent.
Overall
Strong study
Strong study
Additional
Suggestive of hip fracture risk, with continuous gradient from
Weak association between bone density and serum fluoride (e.g.,
comments
lowest to highest exposures
adjusted β = 0.011 ± 0.0073 (SE), P = 0.13 for femoral neck).
Use of serum fluoride concentration may bias results toward null
if there is nondifferential error relative to bone fluoride
concentrations. Bone mineral density may be, in part, an
intermediate variable.

Location
No. subjects
Exposure
assessment

Design

TABLE 5-2 Continued
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Fasting serum fluoride concentrations are considered a good (although not necessarily perfect)
measure of long-term exposure and of bone fluoride concentrations (Ericsson et al. 1973; Parkins
et al. 1974; Taves and Guy 1979; Waterhouse et al. 1980; Whitford 1994; Clarkson et al. 2000;
see also Chapter 2 for a discussion of biomarkers and Chapter 3 on pharmacokinetics). Although
methods for serum collection are not described in the paper, Sowers stated that fasting serum
concentrations were taken “whenever possible” (M.F. Sowers, University of Michigan, personal
commun., July 1, 2005). Measured serum fluoride concentration was not statistically associated
with fracture incidence in the adjusted model, including bone density, a potential intermediate
variable (measured serum fluoride was only weakly associated with bone mineral density).
However, it is unclear whether serum fluoride was a useful surrogate for concentrations in bone
or chronic exposure here; random error would tend to bias results toward the null. Table 2 in the
Sowers et al. (2005) paper indicated that long-term residency in the high-fluoride region was not
associated with appreciably higher serum fluoride than short-term residency.
Besides differences in osteoporotic, but not other, fracture rates, these populations
differed markedly with respect to smoking rates and hormone replacement (both lowest in the
reference group) and physical activity (lowest in the high-fluoride group). It is unclear whether
these factors were examined as potential confounders for fractures. Age subgroups were not
presented in the new Sowers et al. study, so differences within age groups cannot be assessed and
comparisons with the other observational studies on fractures cannot be made.
For all the Sowers studies, there is an unresolved question about whether the referent
group (area with low fluoride and low calcium) might have a low fracture rate because of risk
factors that are not controlled for in the studies, particularly as the high-calcium/low-fluoride
region also showed increased fracture rates compared with the referent region. Potential bias due
to such differences might be exacerbated by the use of an ecologic exposure measure (see
Appendix C).
The study by Li et al. (2001) complements the Sowers studies in several ways, having a
larger size and relatively strong exposure assessment for a partially ecologic study. It has a
retrospective cohort design, increasing the potential for outcome and exposure misclassification,
but these problems were addressed by the authors. Although exposure was assessed on the group
level, exposure was finely categorized and other sources of fluoride exposure were estimated to
be negligible. (Non-water exposures to fluoride were presumably more important in the Sowers
studies.) Communities were quite similar and individual-level risk factors were assessed.
Fractures were self-reported; confirmation with x-rays showed very high validity (526 fractures
confirmed among the 531 subjects reporting fractures). This study also has weaknesses.
Confounding was assessed by statistical testing; the authors included a covariate in the logistic
regression if they first found a statistically significant (P < 0.05) relationship between the
variable and outcome analyzed bivariately. (Confounding should be judged by examining the
effect measure, not statistical testing; see Rothman and Greenland 1998.) Absence of fractures
was not confirmed, potentially biasing outcomes if false-positive reporting of fractures is
expected to be more than an isolated occurrence. However, a limited number of sensitivity
analyses of confounding performed by the committee did not explain the effect; recall bias seems
an unlikely explanation for the U-shaped exposure-response curve (for all fractures since age
20), with the minimum fractures in the reference group of 1 mg/L. The dose-response curve for
all fractures is plausible: some, but not all, animal studies suggest a biphasic relationship
between bone fluoride concentrations and bone strength (see discussion earlier in this section on
cellular and molecular aspects).
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The Li et al. study did not directly assess fluoride at 4 mg/L. However the exposure
group just above 4 mg/L (4.32 to 7.97 mg/L) showed an increase in all fractures since age 20
(OR = 1.47, P = 0.01, estimated 95% CI = 1.10 to 1.97), all fractures since age 50 (OR = 1.59, P
= 0.02, estimated 95% CI = 1.08 to 2.35), and hip fractures since age 20 (OR = 3.26, P = 0.02,
estimated 95% CI = 1.21 to 9.81). The exposure group just below 4 mg/L (2.62 to 3.56 mg/L)
showed the following: all fractures since age 20 (OR = 1.18, P = 0.35, estimated 95% CI = 0.83
to 1.67), all fractures since age 50 (OR = 1.04, P = 0.87, estimated 95% CI = 0.65 to 1.66), and
hip fractures since age 20 (OR = 1.73, P = 0.34, estimated 95% CI = 0.56 to 5.33). CI values
were estimated by the committee using the approach of Greenland (1998). Although the latter
results are not statistically significant at the 0.05 level, they are consistent with an upward trend
(increasing dose-response relationship), particularly the result for hip fracture. The inclusion of
all fractures is likely to bias ORs toward the null.
Although the authors did not estimate trend, Figures 2 and 3 presented in the paper by Li
et al. (2001) suggest that linear trends in proportions from the 1.00 to 1.06 mg/L category up
would provide a reasonable fit in that range. Using a generalized linear model with the binomial
distribution and the identity link, and midranges for the exposure categories, the committee
estimated absolute increases in fractures of 1.3% (95% CI = 0.3% to 2.2%, P = 0.01) for the
increment from 1.00 to 4.00 mg/L for overall fractures since age 20, 0.4% (95% CI = 0.0% to
0.8%, P = 0.04) for hip fractures since age 20, and 0.9% (95%=CI 0.2% to 1.7%, P = 0.02) for
overall fractures since age 50.
The U-shaped exposure-response curve for all fractures combined (but not hip fractures)
for this population of individuals provides an interesting and potentially important finding.
Whereas the trend for fractures appears to increase from 1.00 to 4.00 mg/L, it must be
appreciated that the fracture rate in the 1.00 to 1.06 mg/L category was lower than the rate in the
category with the lowest intake.
Estimated fluoride exposure in the Li study is higher than for the Sowers studies (see
Table 5-4 later in this chapter). Assuming that exposure was predominantly due to water, the
committee estimated that participants in the Li study consumed on average about 2.5 L per day
for the 2.62- to 3.56-mg/L group and 2.3 L per day for 4.32- to 7.97-mg/L group (versus 0.9 to
1.2 L per day for the Sowers studies). These water consumption levels are in the 90th to 95th
percentile for the United States (see Appendix B).
Alarcón-Herrera et al. (2001) is a much weaker ecologic study with little attention to
covariates other than a rough stratification by age (see Table 5-2 for a brief discussion). The
results are qualitatively similar to the stronger studies.
In addition, a retrospective cohort study in Finland by Kurttio et al. (1999) is pertinent to
the issue of fracture risk at 4 mg/L, even though relatively few wells in that study had drinking
water with fluoride concentrations that high. Residents were grouped into exposure categories
based on modeled fluoride concentrations in well water closest to their residence: ≤0.1, 0.11 to
0.30, 0.31 to 0.50, 0.51 to 1.00, 1.10 to 1.50, and >1.5 mg/L (ranging up to 2.4 mg/L). Fluoride
monitoring results among water samples for the highest modeled group varied from below
detection to about 6 mg/L. Hospital discharge registers were tracked between 1981 and 1994 for
reports of hip fracture among the cohort. For all ages combined, no associations were found
between fluoride content in drinking water and hip fracture. However, analysis of age strata (50
to 64 and 65 to 80) indicated an increased risk of hip fracture in women aged 50 to 64 exposed to
fluoride at >1.5 mg/L (adjusted rate ratio of 2.09%; 95% CI, 1.16 to 3.76; based on 13 cases
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[3,908 person years] compared with those in the least exposed group (≤0.1 mg/L). Some
covariates were adjusted by using ecologic measures, an imperfect technique.
Clinical Trials of Osteoporosis Treatment. Using the Cochrane Handbook
methodology, Haguenauer et al. (2000) performed a meta-analysis of randomized clinical trials
of fluoride in postmenopausal women with primary osteoporosis. Eleven studies met the
inclusion criteria; analyses of specific end points included only a subset. The summary relative
risk estimate for new vertebral fractures was slightly decreased: 0.87 (95% CI = 0.51, 1.46) for 2
years of treatment (four trials) and 0.90 (95% CI = 0.71, 1.14) for 4 years (five trials). The
summary relative risk estimate for new nonvertebral fractures was increased: 1.20 (95% CI =
0.68, 2.10) after 2 years (one trial) and 1.85 (95% CI = 1.36, 2.50) after 4 years (four trials); the
latter association was strongest in trials using high-dose, non-slow-release forms of fluoride. See
Table 5-3 for the four studies included in the analysis of nonvertebral fractures after 4 years. All
four studies were prospective, double-blinded, and placebo-controlled; all subjects received
supplemental calcium. There was loss to follow-up, particularly in the study of Kleerekoper et
al. (1991), but it was similar in frequency in treated and placebo groups.
Table 5-3 reports relative risks of nonvertebral fractures at 4 years. Rate ratios are also
provided for several studies. Hip fracture results are reported only for Riggs et al. (1990); the
number of hip fractures in the other trials was at most one per group. Riggs et al. reported both
complete fractures and total fractures. Total fractures equal complete plus incomplete “stress”
fractures; the latter were observed by roentgenography in participants reporting acute lower
extremity pain syndrome (see Kleerekoper et al. 1991 for a different interpretation).
Comparison of Exposure in Randomized Clinical Trials and Observational Studies.
Despite the methodological strengths of the randomized clinical trials, their use in this review
has limitations. In particular, fluoride exposures in the trials were higher in magnitude (20 to 34
mg/day) than in observational studies (5 to 10 mg/day for 4 mg/L) but shorter in time (years
versus decades). One possibility is to compare studies using total fluoride exposure in absolute
mass units. Because some biological effects (e.g., stimulation of osteoblasts) may occur only at
high doses, results from clinical trials may not be directly comparable to risks due to long-term
exposure to fluoride in water. On the other hand, the committee assumes that bone fluoride
concentration is the most appropriate measure of exposure for examining fracture risk. Data
permitting, it could be possible to compare the bone fluoride concentrations reached in the
randomized clinical trials with those in the observational studies.
Of the four randomized clinical trails in the fracture meta-analysis, the committee was
able to locate bone fluoride measurements for only one. Of the 202 postmenopausal women in
the Riggs study, bone fluoride was measured before treatment and at 4 years in 43 treated and 35
placebo subjects (Lundy et al. 1995). Unfortunately, the data are presented only in a figure and
in units of µmol of fluoride per mmol of calcium. The latter, however, can be approximately
converted to mg/kg ash by using the following factors: 1 g of calcium per 7 g wet weight of bone
(Mernagh et al. 1977) and 0.56 g of ash per g wet weight of bone (Rao et al. 1995). Using this
conversion, the before-treatment bone ash fluoride concentrations were about 1,700 mg/kg in
both the treated and the placebo groups. Taking the imprecision of the conversion factors into
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TABLE 5-3 Four Randomized Clinical Trials Examining Nonvertebral Fractures

Reginster et
al. 1998
Pak et al.
1995
Kleerekoper
et al. 1991
Riggs et al.
1990

a

Enrollment:
Exposed and
Exposure
Placebo
Fluoride at 20 mg/day as 100, 100
sodium monofluorophosphate, 4 years
NaF at 50 mg/day slow- 54, 56
release, 4 cycles:
12 months on, 2 months
off
NaF at 75 mg/day, 4
46, 38
years
NaF at 75 mg/day, 4
101, 101
years

Participationa
Exposed and
Placebo
84%, 81%

Relative Risk
(95% CI)
Nonvertebral
Fracturesb
1.1 (0.5, 2.4)d

77%, 72%

0.6 (0.2, 2.5)d

60%, 61%

1.5 (0.7, 3.5)d

77%, 80%

1.6 (1.0, 2.5)
complete
2.5 (1.7, 3.7)
totald, f
2.3 (0.6, 8.8)
complete, hip

Rate Ratio
(95% CI)
Nonvertebral
Fracturec
1.1 (0.5, 2.3)

3.0 (2.0, 4.6)
“hot spots”e
1.9 (1.1, 3.2)
complete
3.1 (2.0, 5.0)
totalf

Participating person-time divided by total possible person-time.
Risks were computed by dividing the number of first incident fractures (at most one per subject) by the number of
enrolled subjects.
c
Rates were computed by dividing the number of incident fractures (possibly more than one per subject) by
participating person-time.
d
The numbers that appear to have been used in the meta-analysis of Haguenauer et al. (2000); see their Figure 5.
e
Areas of increased isotope uptake detected via radionuclide bone scan.
f
In this study, total fractures = complete + incomplete “stress” fractures, the latter observed by roentgenography in
participants reporting acute lower extremity pain syndrome.
b

account, this value is consistent with reported concentrations for healthy, untreated persons
living in areas without particularly high water fluoride concentrations and no other exceptional
sources of fluoride intake (see Chapter 3). Four years later, bone ash concentrations were
slightly higher in the placebo group and about 12,000 mg/kg in the treated group. The latter
value should overestimate concentrations in the exposed group of the trial, because the average
exposed subject in the Riggs study participated 3.1 years (Table 5-3).
Ideally, one would estimate bone concentrations in the other trials by using a
pharmacokinetic model. Because the committee did not have an operational pharmacokinetic
model, a regression model was used to estimate bone concentrations based on total fluoride
exposure during clinical trials (see Chapter 3). Total exposures (Table 5-4) were estimated with
the nominal daily dose and the average length of participation of the exposed group. The bone
concentration for Riggs et al. estimated by this technique (7,400 mg/kg) is less than the value
measured by Lundy et al. (roughly 12,000 mg/kg), but the latter examined a subset of subjects
who had completed the full 4 years of the study. The regression model estimates 9,100 mg/kg in
subjects completing 4 years. Although that estimate is still less than the measured concentration,
Chapter 3 noted that the regression model may underestimate bone concentrations in fluoridated
areas. Of the four clinical trials in Table 5-4, three were American. Fluoride exposure and
concentrations in bone may be overestimated for the Pak study because of the use of a slow-

MUSCULOSKELETAL EFFECTS

131

release, less bioavailable form of fluoride. In sum, average fluoride bone concentrations among
treated trial participants appear to range from about 5,400 to 12,000 mg/kg.
Comparison of Results of Randomized Clinical Trials and Observational Studies.
Table 5-4 also includes estimates of total exposure and average bone fluoride for two
observational studies. The committee estimated average fluoride concentrations in bone in the
study by Sowers et al. (1991) using the regression model developed for chronic water exposure
in Chapter 3. This model predicts bone concentrations based on concentration of fluoride in
water, length of exposure, and sex. The result is in the same range as the clinical trials. Since
the regression model does not take water consumption rates into account, it should underpredict
bone fluoride concentrations for people with high water consumption. The bone fluoride
estimates for Li et al. (2001) are, therefore, probably underestimates. Estimates of bone fluoride
concentrations could be improved through the use of pharmacokinetic models (see Chapter 3).
Table 5-4 summarizes fracture outcomes for the four clinical trials (nonvertebral) and
observational studies. There are a number of differences in the way the outcome data were
collected and analyzed. For example, Li et al. counted fractures occurring since age 20 (or age
50, not shown), a longer observation period than the other studies; Li et al. and Sowers et al.
measured fractures in different bones than those studied in the clinical trials; if trials use subjects
from fluoridated areas, the subjects receiving placebos are from areas with fluoride close to 1
mg/L. Although the comparison involves several assumptions and uncertainties, the estimated
concentrations of fluoride in bone and results of the randomized clinical trials generally appear
consistent with those of the observational studies.
Interpretation of Weight of Evidence of the Fracture Data on Fluoride at 4 mg/L.
For making causal inferences, many epidemiologists prefer to formulate and test specific
competing hypotheses (e.g., Rothman and Greenland 1998). Other epidemiologists find it useful
to weigh the evidence in light of some traditional “criteria” (more properly, guidelines) for
examining whether observed associations are likely to be causal (Hill 1965). The discussion
below provides a perspective on how the committee evaluated and viewed the strength of the
collective evidence on possible causal associations.
• Consistency: Despite some design or data weaknesses, there is consistency among the
results of all the observational studies using ecologic exposure measures. That is, none of the
studies that included population exposures above 4 mg/L found null or negative (inverse)
associations between fluoride and bone fractures. There is probably minimal publishing bias
here because of the intense interest on both sides of the fluoride controversy. Further, all the
studies with exposure categories of approximately 2 mg/L and above in water showed elevated
relative risks of fractures for these exposure estimates. However, the one study using an
individual exposure measure found no association between fracture risk and serum fluoride.
Because serum fluoride concentrations may not be a good measure of bone fluoride
concentrations or long-term exposure, the ability to show an association might have been
diminished.

64j

180

NAh

NAh

3.66

7.85i

64

35.9f

4.88e

24
25
30
38

>6,200g

NAh

7,200g

RR total nonvertebral, 4 years
RR complete hip, 4 years

RR nonvertebral, 4 years
RR nonvertebral, 4.7 years
RR nonvertebral, 4 years
RR complete nonvertebral, 4

2.55 (P = 0.07) OR osteoporotic, ecologic
1.16 (P = 0.66) OR osteoporotic, log serum
concentration

2.1 (1.0, 4.4) OR any fracture, 5 years
2.2 (1.0, 4.7) OR hip/wrist/spine, 5 years

1.1 (0.5, 2.4)
0.6 (0.2, 2.5)
1.5 (0.7, 3.5)
1.6 (1.0, 2.5)
years
2.5 (1.7, 3.7)
2.3 (0.6, 8.8)

5,400b
5,500b,c
6,200b
7,400b
(12,000)d

3.4
3.1
2.4
3.1

20
23 (slow-release)
34
34

1.18 (P = 0.35) OR, any site since age 20
1.73 (P = 0.34) OR, hip since age 20
4.32 to 7.97 mg/L
14.1i
61j
>11,000g
320
1.47 (P = 0.02) OR, any site since age 20
3.26 (P = 0.02) OR, hip since age 20
a
When applied to cohort data, ORs overestimate RRs; the bias is small when odds are small as they are here.
b
Estimated using regression model for clinical trials (Chapter 3) based on total exposure. Bone concentrations for U.S. studies may be underestimated
because of background exposure.
c
Possibly overestimated because of the use of a less bioavailable form of fluoride.
d
Approximate bone concentration measured in a subset exposed for 4 years.
e
Average estimated fluoride intake for ages 55 to 80 in 4-mg/L area from Sowers et al. (1986).
f
Average residence time from Sowers et al. 1986 (baseline) plus 5 years.
gEstimated using regression model for water exposure (Chapter 3). Because of limitations in the regression model, these estimates do not take into account
differences in water consumption. This may cause underestimation of bone fluoride concentrations for people with high water consumption rates, as
estimated for participants in Li et al. (2001).
h
Average length of exposure not available. Based on water fluoride concentrations alone, the average estimated bone concentrations are about 6,700 mg/kg
ash (Chapter 3).
i
Estimated exposures for these groups are from Li et al. (2001).
j
Average exposure length equals average age, based on lifetime exposure.

Li et al. 2001
2.62 to 3.56 mg/L

Observational studies
Sowers et al. 1991
Baseline age 55 to 80
(4 mg/L area)
Sowers et al. 2005
Age 20 to 92 (4 mg/L area)

Reference
Randomized clinical trials
Reginster et al. 1998 (Belgium)
Pak et al. 1995 (USA)
Kleerekoper et al. 1991 (USA)
Riggs et al. 1990 (USA)

Estimated
Bone Fluoride Relative Risks (RR) or Odds Ratios (OR)a
(mg/kg ash)
and (95% CI)

Estimated
Fluoride Exposure Average Length Total
(mg/day)
Exposure (years) Exposure (g)

TABLE 5-4 Estimated Bone Fluoride Concentrations and Bone Fracture Risks in Randomized Clinical Trials and
Observational Studies
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• Strength of association: Although weak associations (e.g., small relative risks) can be
causal, it is harder to rule out undetected biases. As indicated in Table 5-2, relative risk
estimates generally varied from about 1.5 to 2.2 for studies with ecologic measures of exposure.
• Biologic plausibility/coherence: The weight of evidence of observational studies is
increased when qualitative as well as quantitative; biochemical, physiological, and animal data
suggest a biologically plausible mechanism by which a potential risk factor such as fluoride
could cause adverse effects. In this instance, the type of physiological effect of fluoride on bone
“quality” and the fractures observed in animal studies are consistent with the effects found in the
observational studies. Furthermore, the results of the randomized clinical trials are consistent
with an increased risk of nonvertebral fractures at fluoride concentrations in bone that may be
reached by lifetime exposure to water at 4 mg/L.
• Dose-response (biological gradient): For the most part, the observational studies
discussed above observed higher fracture risk with higher exposure compared with 1 mg/L. The
combined findings of Kurttio et al. (1999), Alarcon-Herrera et al. (2001), and Li et al. (2001)
lend support to gradients of exposure and fracture risk between 1 and 4 mg/L.
The remaining traditional guidelines of Hill and others are not major issues here: time
sequence of effect after exposure is fulfilled in all the observational studies and the clinical trials;
none of those designs was cross-sectional and all were able to assess sequence. Specificity of
effect or exposure is rarely germane in environmental epidemiology. Experiment (that is, effect
of removal of exposure) does not apply in this instance.
When papers using different designs or studying disparate populations are evaluated,
findings of consistency among these studies do not require that the doses, exposures, or relative
risks be the same. (Such quantitative reconciliation is pertinent for efforts to establish unit risks
for quantitative risk assessment, pooling studies, or meta-analyses, and assignment of specific
potencies goes far beyond the charge or assessment by the committee.) Further, it is not
necessary that there be exact quantitative correspondence between animal and human data and
physiologic, and epidemiologic exposures.
The weight of evidence supports the conclusion that lifetime exposure to fluoride at
drinking water concentrations of 4 mg/L and higher is likely to increase fracture rates in the
population, compared with exposure to fluoride at 1 mg/L, particularly in some susceptible
demographic groups that are prone to accumulating fluoride into their bones.
Studies Relevant to Assessing Risks at 2 mg/L
The committee found four observational studies that involved exposures to fluoride
around 2 mg/L (see Table 5-5). By far the strongest of those studies was by Kurttio et al. (1999).
As described above, residents were grouped into exposure categories based on modeled fluoride
concentrations in well water closest to their residence (≤0.1, 0.11 to 0.30, 0.31 to 0.50, 0.51 to
1.00, 1.10 to 1.50, and >1.5 mg/L [ranged up to 2.4 mg/L]) and hospital discharge registers were
tracked for reports of hip fracture. Whereas no associations between fluoride content in drinking
water and hip fracture were found for all ages combined, analysis of age strata (50 to 64 and 65
to 80 years) indicated an adjusted rate ratio of 2.09 (95% CI, 1.16 to 3.76) for hip fracture in
women aged 50 to 64 exposed to fluoride at >1.5 mg/L.

Arnala et al. (1986)
Jacqmin-Gadda et al. (1995)
Semiecologic; individual outcome data Nested case control analysis
and ecologic exposure measure
drawn from cross-section
study that was the first phase
of a prospective cohort study.
Finland, communities
France

Outcomes

Hip fractures among men and women Hip fractures
combined, for age 50+. Factures due
to severe trauma excluded.

Fractures at specific anatomical
sites, reported by gender

Groundwater measurements
of almost 9,000 wells.
Fluoride concentrations
estimated for each residence
by using weighted medians,
smoothed interpolations.
Categories: <0.1, 0.1 to 0.3,
0.3 to 0.5, 0.5 to 1.0, 1 to
1.5, and > 1.5 mg/L.
Highest category
corresponded to sampled
concentrations of less than
detection level to
approximately 6 mg/L.
First recorded hip fracture

144,000+

Finland: rural communities
nationwide

Fabiani et al. (1999)
Kurttio et al. (1999)
Semiecologic; individual outcome Historical cohort.
data and ecologic exposure
measures

Two regions of central Italy
Avezzano (lower fluoride in
water) and Bracciano(higher
fluoride in water)
No. subjects
462 fractures among a population of
3,777 subjects age 65 and
935 in Avezanno
unspecified size
older from 75 civil parishes
190 in Bracciano; subjects treated
(mean residence time 41
in a public hospital from each
years)
region
Exposure
Ecologic; exposure assignments drawn Two measurements were
Drinking water sampled twice a
assessment and from a 1974 report by the National
taken in 1991 and routinely
year (years not specified), and one
categories
Board on Health on the fluoride
thereafter (frequency not
summary concentration was
content of drinking water in different specified).
assigned to each region as a
communities
Two exposure categories:
weighted mean.
Communities with fluoride at <0.3
0.05 to 0.11 mg/L and 0.11 to Avezanno (0.05 mg/L; range
mg/L, 1.0 to 1.2 mg/L, and >1.5 mg/L 1.83 mg/L
0.040 to 0.058 mg/L; population
of about 126,000)
Bracciano (1.45 mg/L; range 0.15
to 3.40 mg/L; population of about
73,000)

Location

Design

TABLE 5-5 Studies Relevant to Assessing Bone Fracture Risks from Exposure to Fluoride at 2 mg/L in Drinking Water
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Confounding
Age, gender, Quetelet index
(kg/height2 in m), smoking,
and sports activity

95% CI and P values given

Chance

No confidence intervals or P levels
were provided.
Age-adjustment only. No information
on whether women were
postmenopausal. No distinction
between rates for males and females.

OR using multiple logistic
regressions, controlling for
confounders based on
interview data.

Effect measure Comparison of age-adjusted 10-year
incidence of hip fracture for ages 50+
and component age decades. Binomial
t test used to compare age-adjusted hip
fracture rates.

Crude and adjusted rate
ratios using Cox regression
based on person years,
compared with lowest
exposure group. Age
stratification based on age at
start of follow-up period.
Fluoride analyzed as
categorical and continuous
variable.
95% CIs
95% CI around the rate
ratio.
Authors relied on similarity of
Analyzed controlling for
region to control for confounding. age and geographic sector.
Analysis did not stratify or adjust Age adjustment was
for age, although mean ages of
conducted within broad
cases are shown (including
strata of 50 to 64 and 65 to
whether the probabilities of their 80 years. No information
differences are P < 0.05).
on nutrition, alcohol use, or
physical activity.
(Continued)

Rates and 95% CI based on ageadjusted rates per 1,000 person
years.
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Arnala et al. (1986)
Age-combined totals similar:
12.4/10,000 in low-fluoride,
11.9/10,000 in fluoridated, and
12.4/10,000 in high-fluoride areas.
Component age groups generally
similar to each other across exposure
groups, except that age 80+ had lower
incidence in the high-fluoride area.

Overall value of Weak
study regarding
evaluation
fracture risk at 2
mg/L

Results

TABLE 5-5 Continued

Weak

Jacqmin-Gadda et al. (1995)
For higher versus lower
fluoride exposures: OR =
1.86 (1.02 to 3.36), P = 0.04
for hip fractures; OR = 0.98
(0.80 to 1.21) for all fractures.
ORs adjusted for variables
associated with hip fractures
(age, gender, Quetelet) or total
fractures (age, gender).
Calcium in water did not
appear to be included in the
model.

Weak

Fabiani et al. (1999)
Rates for low-fluoride area were
statistically greater compared with
Bracciano in the following
categories: Females: femoral
neck (hip), femur NOS (not
otherwise specified), proximal
humerus, nose, wrist
Males: femoral neck (hip), femur
NOS, nose, wrist
Specifically for hip fracture
(Avezanno/Bracciano, rate per
1,000 person-years): males,
0.28/0.06, RR = 4.28 (95% CI,
4.16 to 4.40), average ages 70 and
52, respectively; females,
0.75/0.28, RR = 2.64 (95% CI
2.54 to 2.75), average ages 75 and
78, respectively.

Kurttio et al. (1999)
For comparisons between
the >1.5-mg/L group and
the <0.1-mg/L group (ages
50 to 65):
Adjusted RR = 2.09 (95 CI,
1.16 to 3.76) in women, RR
= 0.87 (95% CI, 0.35 to
2.16) in men.
For all ages combined, no
associations apparent.
For fluoride as a continuous
variable: RR = 1.44 (95%
CI, 1.12 to 1.86) for women
below age 65 at start of
follow-up, and RR = 0.75
(95% CI, 0.51 to 1.12) for
men in same age stratum
(age and region adjusted).
Women ages 55 to 69 had
the most elevated RR in the
continuous-variable
analysis.
Among separate 5-year
components of follow-up
period, the results were
inconsistent.
Strong
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Comments

The paper was primarily devoted to
histomorphology and bone fluoride
concentrations in iliac crest. The
results of that portion of the study are
summarized in the accompanying text
insofar as they bear on the incidence
part of the paper.
Incomplete reporting methods;
insufficient control of confounding;
inability to assess cumulative
exposure; possibility of nonsystematic
or biased case
ascertainment/assignment; adjustment
of group level covariate (region)
rather than individual-level covariates.
Paper was short (a letter to
the editor) and did not have
sufficient detail to assess the
distribution of fluoride
exposure with the higher
category; lacked information
on age subgroups and on
genders; inability to assess
cumulative exposure; referent
group has very low exposure
(<0.11 mg/L).
Serious design and analysis
limitations. No data that would
inform an assessment of a
gradient. The dimension of the
reported protective effect is not
credible.
Suggestive of hip fracture
risk, with continuous
gradient from lowest to
highest exposures.
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Another study, performed in Finland, found no evidence of increased risk when hip
fracture rates were compared in populations exposed to fluoride at ≤0.3, 1.0 to 1.2, and >1.5
mg/L (Arnala et al. 1986). However, this study had many weaknesses, including incomplete
reporting methods, insufficient control of confounding, inability to assess cumulative exposure,
and the possibility of nonsystematic or biased case ascertainment. It focused primarily on
evaluating fluoride content and the histomorphometry of bone samples taken from the iliac crest
of hip fracture patients and had the advantage of providing data on bone fluoride concentrations.
Mean fluoride concentrations (± standard deviation) in bone were found to be 450 ± 190 mg/kg,
1,590 ± 690 mg/kg, and 3,720 ± 2,390 mg/kg in the low-, middle-, and high-exposure groups,
respectively.
A study in France investigated fracture rates in relation to fluoride-using subjects enrolled
in a different study on aging (Jacqmin-Gadda et al. 1995). Two fluoride exposure groups were
compared: 0.05 to 0.11 mg/L and 0.11 to 1.83 mg/L. The odds ratio for hip fractures for the
higher exposure group was 1.86 (95% CI, 1.02 to 3.36). The odds ratio for any fractures was
0.98 (95% CI, 0.80 to 1.21). These odds ratios were adjusted for age, gender, and Quetelet index
for hip fractures and by age and gender for total fractures. (The authors selected confounders to
include in their model on the basis of “statistical significance,” although a more appropriate
approach would have been to select covariates based on how much they change the odds ratio.)
The committee found that because no data were presented on the distribution of fluoride
exposure within the different groups, because data on gender and age were not reported
separately, and because no parameters for assessing cumulative exposure were provided, reliable
conclusions could not be drawn from this study.
Fabiani et al. (1999) conducted a study in two sociodemographically similar regions in
central Italy. One region had fluoride concentrations in drinking water of 0.05 mg/L and the
second region had fluoride at 1.45 mg/L. A significantly greater rate of fracture incidence,
particularly femur fractures, were found in the low-exposure community. The relative risk was
4.28 (95% CI, 4.16 to 4.40) for males and 2.64 (95% CI, 2.54 to 2.75) for females. These risks
were based on age-adjusted rates per 1,000 person-years. However, the number of cases was not
provided and the mean age of cases in the two towns varied greatly in some instances. The
investigators relied on similarity of regions to control for confounding, but it should be noted that
the high-fluoride area included seven towns near Rome, whereas the lower-fluoride area
included 35 towns further from Rome. Because of the serious design and analysis limitations of
the study, the committee placed little weight on this study.
Overall, the committee finds that the available epidemiologic data for assessing bone
fracture risk in relation to fluoride exposure around 2 mg/L is suggestive but inadequate for
drawing firm conclusions about the risk or safety of exposures at that concentration. There is
only one strong report to inform the evaluation, and, although that study (Kurttio et al. 1999)
indicated an increased risk of fractures, it is not sufficient alone to base judgment of fracture risk
for people exposed at 2 mg/L. It should be considered, however, that the Li et al. (2001) and
Alacrcon-Herrera et al. (2001) studies reported fracture increases (although imprecise with wide
confidence intervals) between 1 and 4 mg/L, giving support to a continuous exposure-effect
gradient in this range.

MUSCULOSKELETAL EFFECTS

139

Skeletal Fluorosis
Excessive intake of fluoride will manifest itself in a musculoskeletal disease with a high
morbidity. This pathology has generally been termed skeletal fluorosis. Four stages of this
affliction have been defined, including a preclinical stage and three clinical stages that
characterize the severity. The preclinical stage and clinical stage I are composed of two grades
of increased skeletal density as judged by radiography, neither of which presents with significant
clinical symptoms. In clinical stage II, symptoms characterized by sporadic pain, stiffness of
joints, and osteosclerosis of the pelvis and spine are observed. Clinical stage III is associated
with chronic joint pain, arthritic symptoms, calcification of ligaments, and osteosclerosis of
cancellous bones. Stage III has been termed “crippling” skeletal fluorosis because mobility is
significantly affected as a result of excessive calcifications in joints, ligaments, and vertebral
bodies. This stage may also be associated with muscle wasting and neurological deficits due to
spinal cord compression. The current MCLG is based on induction of crippling skeletal fluorosis
(50 Fed. Reg. 20164 [1985]). Because the symptoms associated with stage II skeletal fluorosis
could affect mobility and are precursors to more serious mobility problems, the committee
judges that stage II is more appropriately characterized as the first stage at which the condition is
adverse to health. Thus, this stage of the affliction should also be considered in evaluating any
proposed changes in drinking water standards for fluoride.
Descriptions of skeletal fluorosis date back to the 1930s, when the pathology was first
recognized in India in areas of endemic fluoride exposure (Shortt et al. 1937) and in
occupationally exposed individuals in Denmark (Roholm 1937). From an epidemiological
standpoint, few cases of clinical skeletal fluorosis have been documented in the United States.
Stevenson and Watson (1957) performed a large retrospective study involving 170,000
radiologic examinations1 in people from Texas and Oklahoma, where many communities have
fluoride water concentrations above 4 mg/L. They radiographically diagnosed only 23 cases of
fluoride osteosclerosis in people consuming fluoride at 4 to 8 mg/L and no cases in people
exposed to less (the number of people exposed in these categories was not provided). The cases
(age 44 to 85) did not have unusual amounts of arthritis or back stiffness given their age (details
not provided). Eleven had bone density of an extreme degree, and nine had more than minimal
calcification of pelvic ligaments. The authors found no relationship between radiographic
findings and clinical diagnosis or symptoms (details not provided). Cases were not classified as
to the stage of the fluorosis (using the scheme discussed earlier). Based on the information in the
paper, the committee could not determine whether stage II fluorosis was present. In a study of
253 subjects, Leone et al. (1955a) reported increased bone density and coarsened trabeculation in
residents of a town with fluoride at 8 mg/L relative to another town with fluoride at 0.4 mg/L.
Radiographic evidence of bone changes occurred in 10% to 15% of the exposed residents and
was described as being slight and not associated with other physical findings except enamel
mottling. The high-fluoride town was partially defluoridated in March 19522 (Maier 1953;
Leone et al. 1954a,b; 1955b), a detail not mentioned in the radiographic study (Leone et al.
1

The number of patients represented by the 170,000 radiological examinations is not given.
Maier (1953) indicates that “regular operation” of the defluoridation plant began March 11, 1952. At least one
small pilot plant was operated for an unspecified period prior to that date (Maier 1953). Leone et al. (1954a,b)
indicated initial defluoridation to 1.2 mg/L. Likins et al. (1956) reported a mean daily fluoride content of treated
water in Bartlett of 1.32 mg/L over the first 113 weeks (27 months), with average monthly fluoride concentrations of
0.98-2.13 mg/L over the 18-month period referred to by Leone et al. (1954a,b; 1955b).
2
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1955a) but which could have affected its results and interpretation. Leone et al. (1954a,b;
1955b) state that “[a]ny significant physiological manifestations of prolonged exposure would
not be expected to have regressed materially in the 18 months of partial defluoridation.”
However, Likins et al. (1956) reported that urinary fluoride concentrations in males fell from
means of 6.5 (children) and 7.7 (adults) mg/L before defluoridation to 4.9 and 5.1 mg/L,
respectively, after 1 week, 3.5 and 3.4 mg/L, respectively, after 39 weeks, and 2.2 and 2.5 mg/L,
respectively, after 113 weeks. These results indicate that, following defluoridation of the water
supply, substantial changes in fluoride balance were occurring in the residents, including the
apparent remobilization of fluoride from bone.
In patients with reduced renal function, the potential for fluoride accumulation in the
skeleton is increased (see Chapter 3). It has been known for many years that people with renal
insufficiency have elevated plasma fluoride concentrations compared with normal healthy
persons (Hanhijarvi et al. 1972) and are at a higher risk of developing skeletal fluorosis (Juncos
and Donadio 1972; Johnson et al. 1979). In cases in which renal disease and skeletal fluorosis
were simultaneously present, it still took high concentrations of fluoride, such as from daily
ingestion of 4 to 8 L of water containing fluoride at 2 to 3 mg/L (Sauerbrunn et al. 1965; Juncos
and Donadio 1972), at least 3 L/day at 2 to 3 mg/L (Johnson et al. 1979), or 2 to 4 L/day at 8.5
mg/L (Lantz et al. 1987) to become symptomatic.
Most recently, the Institute of Medicine evaluated fluoride intake and skeletal fluorosis
and was able to find only five reported cases of individuals with stage III skeletal fluorosis in the
United States from approximately 1960 to 1997 (IOM 1997). Interestingly, however, a recent
report has documented an advanced stage of skeletal fluorosis in a 52-year-old woman
consuming 1 to 2 gal of double-strength instant tea per day throughout her adult life (Whyte et al.
2005). Her total fluoride intake was estimated at 37 to 74 mg/day from exposure to fluoride
from well water (up to 2.8 mg/L) and instant tea. The report also documented the fluoride
content of commercial instant teas and found substantial amounts in most brands. This illustrates
the possibility that a combination of exposures can lead to higher than expected fluoride intake
with associated musculoskeletal problems. Another case, documented by Felsenfeld and Roberts
(1991), indicates the development of skeletal fluorosis from consumption of well water
containing fluoride at 7 to 8 mg/L for 7 years. Renal insufficiency was not a factor in this case,
but water consumption was considered likely to have been “increased” because of hot weather.
Both cases mention joint stiffness or pain, suggesting at least stage II skeletal fluorosis.
From reports from the 1950s through the 1980s, it appears that preclinical bone changes
and symptoms of clinical stages I and II may occur with bone concentrations between 3,500 and
12,900 mg/kg (Franke et al. 1975; Dominok et al. 1984; Krishnamachari 1986). The Public
Health Service (PHS 1991) has reported that patients with preclinical skeletal fluorosis have
fluoride concentrations between 3,500 and 5,500 mg/kg by ash weight. Clinical stage I patients
have concentrations in the range of 6,000 to 7,000 mg/kg, stage II patients range from 7,500 to
9,000 mg/kg, and stage III patients have fluoride concentrations of 8,400 mg/kg and greater.3
However, a broader review of the literature on bone fluoride concentrations in patients
with skeletal fluorosis revealed wider and overlapping ranges associated with different stages of
the condition. Tables 5-6 and 5-7 show the reported concentrations of fluoride in bone ash and
in bone (dry fat-free material) in cases of skeletal fluorosis. Most authors reported ash
concentrations; others reported the dry weight concentrations or both types of results. Because
3

According to the sources cited by PHS (1991), these concentrations are based on measurements in iliac crest
samples.
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TABLE 5-6 Reported Concentrations of Fluoride in Bone Ash in Cases of Skeletal Fluorosis
Fluoride Concentration in Bone
Ash, mg/kg in Bone Ash
Number of
Iliac Crest or
Stage of Skeletal Fluorosis Pelvis
Other Bones Individuals
Preclinical Stage
Vague symptoms
4,100
2
4,300
Vague symptoms
3,500 to 4,500
Authors’
summary
Stage 0 to 1
Stage 0 to I
5,000
1
Stage 0 to I
6,900 (mean)
2
Stage 0 to I
5,000 to 5,500
Authors’
summary
Stage 1
Stage I
6,000
2
6,400
Stage I
5,200 (mean)
8
Stage I
6,000 to 7,000
Authors’
summary
Stage 2
Second phase
9,200
3,100 to
1
9,900
Stage I to II
8,700
1
Stage II
7,700
2
7,800
Stage II
7,500 (mean)
9
Stage II
7,500 to 9,000
Authors’
summary
Stage II
4,300
2,500 to
1
4,700a
5,000
Stage II
8,800
4,900 to
1
8,900a
11,100
Stage II
2,900 to
1
4,400
Stage 3
Third phase
7,600 to
1
13,100
Stage 3
6,300
1
Stage III
11,500
1
Crippling fluorosis
4,200
1
Stage III
8,400
1
Stage III
>10,000
Authors’
summary

Reference
Franke and Auermann 1972
Franke et al. 1975

Franke and Auermann 1972
Schlegel 1974
Franke et al. 1975

Franke and Auermann 1972
Schlegel 1974
Franke et al. 1975

Roholm 1937
Franke and Auermann 1972
Franke and Auermann 1972
Schlegel 1974
Franke et al. 1975
Dominok et al. 1984
Dominok et al. 1984
Dominok et al. 1984

Roholm 1937
Singh and Jolly 1961
Franke and Auermann 1972
Teotia and Teotia 1973
Schlegel 1974
Franke et al. 1975
(Continued)
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TABLE 5-6 Continued
Fluoride Concentration in Bone
Ash, mg/kg in Bone Ash
Number of
Iliac Crest or
Stage of Skeletal Fluorosis Pelvis
Other Bones Individuals
Stage 3
Stage III
10,000
9,000 to
1
11,700
Stage III
9,100
4,200 to
1
11,000
Stage III
12,700
7,600 to
1
12,900
Stage III
8,600
8,500 to
1
a
8,700
12,400
Stage not given, or range of stages
Skeletal fluorosis
700 to 6,800b 10
(mean, 3,430)
Old fluorosis, 7 years
3,000
1
without fluoride exposure
4
Skeletal fluorosis
2,650
3,780
4,750
5,850
Industrial fluorosis
5,617 (2,143)c
43 (54
samples)
Endemic genu valgum
7,283 (416)d 20 (37
samples)
Skeletal fluorosis
4,200 to 10,100
9
Skeletal fluorosis
13,300 (2,700)c
6
c
8,900 (3,400)
5
6,900 (1,900)c
13
5,600 (2,100)c
54
c
6,600 (2,700)
4
7,600 (4,800)c
14
29
Skeletal fluorosis
7,900 (3,600)c
(range: 4,200 to
22,000)
Admitted to hospital for
5,580 (980)c
7
skeletal pain or skeletal
(range: 4,430 to
deformities
6,790)
a

Samples from right and left sides in same individual.
Tibia or iliac crest; includes 1 case of stage III fluorosis listed separately above.
c
Indicates mean and standard deviation.
d
Indicates mean and standard error.
e
Includes some studies (or individuals from studies) listed separately above.
f
Probably includes individuals from other studies listed above.
b

Reference
Dominok et al. 1984
Dominok et al. 1984
Dominok et al. 1984
Dominok et al. 1984

Singh and Jolly 1961; see
also Singh et al. 1961
Franke and Auermann 1972
Teotia and Teotia 1973

Baud et al. 1978; Boillat et
al. 1980
Krishnamachari 1982
Boivin et al. 1986
Boivin et al. 1988 (summary
of studiese)

Boivin et al. 1989; 1990 f
Pettifor et al. 1989
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TABLE 5-7 Reported Concentrations of Fluoride in Bone (Dry Fat-Free Material) in Cases of
Skeletal Fluorosis
Stage of Skeletal
Fluorosis
Preclinical stage
Vague symptoms
Stage 0 to 1
Stage 0 to I
Stage 0 to I
Stage 1
Early

Fluoride Concentration in Bone,
mg/kg in Dry Fat-Free Material
Iliac Crest or
Pelvis
Other Bones

Number of
Individuals

Reference

1,700 and 2,100

2

Franke and Auermann 1972

1,900
3,000 (mean)

1
5

Franke and Auermann 1972
Schlegel 1974

5,000 to 7,000 1

Early

2

Wolff and Kerr 1938 (cited in
Jackson and Weidmann 1958)
Sankaran and Gadekar 1964

2
15

Franke and Auermann 1972
Schlegel 1974

7,680

1
1
2
18

Sankaran and Gadekar 1964
Franke and Auermann 1972
Franke and Auermann 1972
Schlegel 1974

8,600
8,800 and
9,680

1
2

Sankaran and Gadekar 1964
Sankaran and Gadekar 1964

6,260 and
7,200

Stage I
Stage I
Stage 2
Moderate
Stage I to II
Stage II
Stage II
Stage 3
Skeletal fluorosis
Advanced

2,300 and 2,900
3,200 (mean)

Stage III
Stage not given
Old fluorosis, 7 years
without fluoride
exposure

3,600 (mean)

4

Schlegel 1974

1,700

1

Franke and Auermann 1972

4,300
4,100 and 4,600
3,000 (mean)

ash contents (fraction of bone remaining in the ash) range widely,4 the committee did not convert
dry weight concentrations to ash concentrations. As reported ranges for various bones in
individuals can differ, the tables list the type of bone sampled, distinguishing between
measurements of iliac crest or pelvis and other bones.
On the basis of data on fluoride in the iliac crest or pelvis, fluoride concentrations of
4,300 to 9,200 mg/kg in bone ash have been found in cases of stage II skeletal fluorosis, and
concentrations of 4,200 to 12,700 mg/kg in bone ash have been reported in cases of stage III
fluorosis. The overall ranges for other bones are similar. These ranges are much broader than
those indicated by PHS (1991). Baud et al. (1978) showed an overlap in the fluoride content in
iliac crest samples between their controls (mean 1,036 mg/kg, range <500 to >2,500) and their
4

From 38 to 60%, calculated from 100% minus the reported fraction lost during ashing (Franke and Auerman 1972);
(41.8% standard error 1.94%) for the affected group and 49.9% (standard error 5.34%) for the control group
(Krishnamachari 1982); and 32.7% to 68.4% (Zipkin et al. 1958).
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cases (mean 5,617 mg/kg, range <2,500 to >10,000). The above ranges overlap the
measurements reported by Zipkin et al. (1958), for which no evidence of fluorosis was reported
(4,496 ± 2015 and 6,870 ± 1629 mg/kg ash in iliac crest at 2.6 and 4 mg/L, respectively). The
expected degree of skeletal fluorosis was not found in two small groups of patients dialyzed with
fluoride-containing water, who accumulated average bone-ash fluoride concentrations of 5,000
mg/kg and 7,200 mg/kg (Erben et al. 1984). Some of the cases with the lowest values (e.g.,
Teotia and Teotia 1973; Pettifor et al. 1989) were known to have hypocalcemia or secondary
hyperparathyroidism; many of the industrial case reports described no hypocalcemia. Thus, it
appears that fluoride content in bone may be a marker of the risk of skeletal fluorosis. In other
words, the likelihood and severity of clinical skeletal fluorosis increase with the bone fluoride
content, but a given concentration of bone fluoride does not necessarily correspond to a certain
stage of skeletal fluorosis in all cases. Other factors (e.g., calcium intake) appear to influence
fluorosis severity at different concentrations of bone fluoride.
Overall, the committee finds that the predicted bone fluoride concentrations that can be
achieved from lifetime exposure to fluoride at 4 mg/L (10,000 to 12,000 mg/kg bone ash) fall
within or exceed the ranges of concentrations that have been associated with stage II and stage
III skeletal fluorosis. Based on the existing epidemiologic literature, stage III skeletal fluorosis
appears to be a rare condition in the United States. As discussed above, the committee judges
that stage II skeletal fluorosis is also an adverse health effect. However, the data are insufficient
to provide a quantitative estimate of the risk of this stage of the affliction. The committee could
not determine from the existing epidemiologic literature whether stage II skeletal fluorosis is
occurring in U.S. residents who drink water with fluoride at 4 mg/L. The condition does not
appear to have been systematically investigated in recent years in U.S. populations that have had
long-term exposures to high concentrations of fluoride in drinking water. Thus, research is
needed on clinical stage II and stage III skeletal fluorosis to clarify the relationship of fluoride
ingestion, fluoride concentration in bone, and clinical symptoms.
EFFECT OF FLUORIDE ON CHONDROCYTE METABOLISM AND ARTHRITIS
The two key chondrocyte cell types that are susceptible to pathological changes are
articular chondrocytes in the joint and growth plate chondrocytes in the developing physis. The
medical literature on fluoride effects in these cells is sparse and in some cases conflicting.
From physical chemical considerations, it might be expected that mineral precipitates
containing fluoride would occur in a joint if concentrations of fluoride and other cations (such as
Ca2+) achieved a high enough concentration. A single case report by Bang et al. (1985) noted
that a 74-year-old female who was on fluoride therapy for osteoporosis for 30 months had a layer
of calcified cartilage containing 0.39% fluoride (or 3,900 mg/kg) by ash weight in her femoral
head. The calcification was also visible on x-ray. Unfortunately, the limitation of this
observation in a single patient is the lack of information on the preexistence of any calcified
osteophytes. Nevertheless, it does indicate that at high therapeutic doses fluoride can be found in
mineralizing nodules in articular cartilage.
Studies evaluating patient groups with a greater number of subjects found that the use of
fluoride at therapeutic doses in rheumatoid patients showed a conflicting result. In one report
(Duell and Chesnut 1991), fluoride exacerbated symptoms of rheumatoid arthritis, but, in another
case (Adachi et al. 1997), it was “well tolerated” with no evidence of worsening of the arthritis.
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No indications from either study implied that fluoride had a causal relationship with the
rheumatoid arthritis. Perhaps the only study in the literature that attempts to link fluoride
exposure to the induction of arthritis (osteoarthritis) is from Savas et al. (2001), who indicated
that Turkish patients with demonstrated endemic fluorosis had a greater severity of osteoarthritic
symptoms and osteophyte formation than age- and sex-matched controls.
The veterinary literature also contains a report indicating that, in 21 dairy herds
consuming fluoride-containing feed and water, of the 100 cows examined and determined to
have arthritic changes, the bone fluoride concentrations ranged from 2,000 to 8,000 mg/kg
(Griffith-Jones 1977).
There are no data from which a dose-response relationship can be drawn regarding
fluoride intake and arthritis in humans. However, in a rat study, Harbrow et al. (1992) showed
articular changes with fluoride at 100 mg/L in drinking water but no effect at 10 mg/L. The
changes with fluoride at 100 mg/L were a thickening of the articular surface (rather than a
thinning as would be expected in arthritis) and there were no effects on patterns of collagen and
proteoglycan staining. There are no comprehensive reports on the mechanism of fluoride effects
in articular chondrocytes in vitro.
The effect of fluoride on growth plate chondrocytes is even less well studied than the
effect on articular chondrocytes. It has been demonstrated that chronic renal insufficiency in a
rat model can increase the fluoride content in the growth plate and other regions of bone
(Mathias et al. 2000); however, this has not been known to occur in humans. Fluoride has also
been shown to negatively influence the formation of mineral in matrix vesicles at high
concentrations. Matrix vesicles are the ultrastructural particles responsible for initiating
mineralization in the developing physis (Sauer et al. 1997). This effect could possibly account,
in part, for the observation that fluoride may reduce the thickness of the developing growth plate
(Mohr 1990).
In summary, the small number of studies and the conflicting results regarding the effects
of fluoride on cartilage cells of the articular surface and growth plate indicate that there is likely
to be only a small effect of fluoride at therapeutic doses and no effect at environmental doses.
FINDINGS
Fluoride is a biologically active ion with demonstrable effects on bone cells, both
osteoblasts and osteoclasts. Its most profound effect is on osteoblast precursor cells where it
stimulates proliferation both in vitro and in vivo. In some cases, this is manifested by increases
in bone mass in vivo. The signaling pathways by which this agent works are slowly becoming
elucidated.
Life-long exposure to fluoride at the MCLG of 4 mg/L may have the potential to induce
stage II or stage III skeletal fluorosis and may increase the risk of fracture. These adverse effects
are discussed separately below.
The current MCLG was designed to protect against stage III skeletal fluorosis. As
discussed above, the committee judges that stage II is also an adverse health effect, as it is
associated with sporadic pain, stiffening of joints, and occasional osteophyte formation on
articular joint surfaces. The committee found that bone fluoride concentrations estimated to be
achieved from lifetime exposure to fluoride at 2 mg/L (4,000 to 5,000 mg/kg ash) or 4 mg/L
(10,000 to 12,000 mg/kg ash) fall within or exceed the ranges historically associated with stage
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II and stage III skeletal fluorosis (4,300 to 9,200 mg/kg ash and 4,200 to 12,700 mg/kg ash,
respectively). This suggests that fluoride at 2 or 4 mg/L might not protect all individuals from
the adverse stages of the condition. However, this comparison alone is not sufficient evidence to
conclude that individuals exposed to fluoride at those concentrations are at risk of stage II
skeletal fluorosis. There is little information in the epidemiologic literature on the occurrence of
stage II skeletal fluorosis in U.S. residents, and stage III skeletal fluorosis appears to be a rare
condition in the United States. Therefore, more research is needed to clarify the relationship
between fluoride ingestion, fluoride concentrations in bone, and stage of skeletal fluorosis before
any firm conclusions can be drawn.
Although a small set of epidemiologic studies were useful for evaluating bone fracture
risks from exposure to fluoride at 4 mg/L in drinking water, there was consistency among studies
using ecologic exposure measures to suggest the potential for an increased risk. The one study
using serum fluoride concentrations found no appreciable relationship to fractures. Because
serum fluoride concentrations may not be a good measure of bone fluoride concentrations or
long-term exposure, the ability to shown an association might have been diminished.
Biochemical and physiological data indicate a biologically plausible mechanism by which
fluoride could weaken bone. In this case, the physiological effect of fluoride on bone quality and
risk of fracture observed in animal studies is consistent with the observational evidence.
Furthermore, the results of the randomized clinical trials were consistent with the observational
studies. In addition, a dose-response relationship is indicated. On the basis of this information,
all members of the committee agreed that there is scientific evidence that under certain
conditions fluoride can weaken bone and increase the risk of fractures. The majority of the
committee concluded that lifetime exposure to fluoride at drinking water concentrations of 4
mg/L or higher is likely to increase fracture rates in the population, compared with exposure at 1
mg/L, particularly in some susceptible demographic groups that are more prone to accumulate
fluoride in their bones. However, three of the 12 members judged that the evidence only
supported a conclusion that the MCLG might not be protective against bone fracture. They judge
that more evidence that bone fractures occur at an appreciable frequency in human populations
exposed to fluoride at 4 mg/L is needed before drawing a conclusion that the MCLG is likely to
be not protective.
Few studies have assessed fracture risk in populations exposed to fluoride at 2 mg/L in
drinking water. The best available study was from Finland, which provided data that suggested
an increased rate of hip fracture in populations exposed to fluoride at >1.5 mg/L. However, this
study alone is not sufficient to determine the fracture risk for people exposed to fluoride at 2
mg/L in drinking water. Thus, the committee finds that the available epidemiologic data for
assessing bone fracture risk in relation to fluoride exposure around 2 mg/L are inadequate for
drawing firm conclusions about the risk or safety of exposures at that concentration.
RECOMMENDATIONS
• A more complete analysis of communities consuming water with fluoride at 2 and 4
mg/L is necessary to assess the potential for fracture risk at those concentrations. These studies
should use a quantitative measure of fracture such as radiological assessment of vertebral body
collapse rather than self-reported fractures or hospital records. Moreover, if possible, bone
fluoride concentrations should be measured in long-term residents.
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• The effects of fluoride exposure in bone cells in vivo depend on the local
concentrations surrounding the cells. More data are needed on concentration gradients during
active remodeling. A series of experiments aimed at quantifying the graded exposure of bone
and marrow cells to fluoride released by osteoclastic activity would go a long way in estimating
the skeletal effects of this agent.
• A systematic study of stage II and stage III skeletal fluorosis should be conducted to
clarify the relationship of fluoride ingestion, fluoride concentration in bone, and clinical
symptoms. Such a study might be particularly valuable in populations in which predicted bone
concentrations are high enough to suggest a risk of stage II skeletal fluorosis (e.g., areas with
water concentrations of fluoride above 2 mg/L).
• More research is needed on bone concentrations of fluoride in people with altered renal
function, as well as other potentially sensitive populations (e.g., the elderly, post-menopausal
women, people with altered acid-balance), to better understand the risks of musculoskeletal
effects in these populations.

6
Reproductive and Developmental Effects of Fluoride

This chapter provides an update on studies of the reproductive and developmental effects
of fluoride published since the earlier NRC (1993) review. Studies on reproductive effects are
summarized first, primarily covering structural and functional alterations of the reproductive
tract. This is followed by a discussion of developmental toxicity in animal and human studies.
REPRODUCTIVE EFFECTS
More than 50 publications since 1990 have focused on the reproductive effects of
fluoride. Most of the studies used animal models, primarily rodents, and evaluated structural or
functional alterations in the male reproductive tract associated with fluoride. Fewer animal
studies evaluated the effects of fluoride on female reproductive tract structure or function. In this
section, reports of fluoride effects on reproduction in animal models are reviewed first, followed
by a discussion of the available studies of humans.
Animal Studies
The large number of studies gleaned from a search of the literature since 1990 that
evaluated reproductive tract structure or function in animal models are outlined in Table 6-1,
listing the fluoride dosing regimens and main observations. Most of the studies were conducted
for the purpose of hazard identification and involved high-doses of fluoride to reveal potentially
sensitive reproductive-tract targets and pathways. A few selected examples illustrate the results
of the many hazard identification studies: (1) cessation of spermatogenesis and alterations in the
epididymis and vas deferens were observed in rabbits administered sodium fluoride (NaF) at 10
milligrams per kilogram (mg/kg) of body weight for 29 months (Susheela and Kumar 1991); (2)
effects on Leydig cells and decreased serum testosterone were observed in rats exposed to NaF at
10 mg/kg for 50 days (Narayana and Chinoy 1994b); and (3) decreased protein in the ovary and
uterus and decreased activity of steroidogenic enzymes (3β-hydroxysteriod dehydrogenase
[HSD] and 17β-HSD) was found in mice treated with NaF at 10 mg/kg for 30 days (Chinoy and
Patel 2001). In general, the hazard identification studies show that the reproductive tract is
susceptible to disruption by fluoride at a concentration sufficiently high to produce other
manifestations of toxicity.
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Exposure
Route
Gavage

Orally,
feeding tube
attached to
hypodermic
syringe

Gavage

Species, Sex,
Number
Mice, F,
15/group

Mice, F,
25/group

Mice, F,
20/group

10 mg/kg/day
(NaF)

5 mg/kg/day
(NaF)

Concentration/
Dose
10 mg/kg/day
(NaF)

TABLE 6-1 Reproductive Toxicity Studies

30 days

45 days

Exposure
Duration
30 days
Effects
Decreased protein in liver, muscle, and small
intestine were observed. Significant accumulation of
glycogen in gastrocnemius muscle and liver.
Decline in succinate dehydrogenase activity in
pectoralis muscle of treated mice. Administration of
ascorbic acid and calcium to NaF-treated mice
caused significant recovery from fluoride toxicity.
Fluoride concentrations were increased in the urine,
serum, and ovary compared with controls. In the
ovary, there was impaired production of
gluthathione and impaired function of the protective
enzymes—namely, gluthathione peroxidase,
superoxide dismutase, and catalase. There was
increased ovarian lipid peroxidation. Enhanced
concentrations of potassium and sodium were
observed in the serum. The concentrations of serum
calcium showed significant depletion. Withdrawal
of NaF for 45 days showed partial recovery.
Recovery was enhanced by treatment with ascorbic
acid, calcium, vitamin E, and vitamin D.
Significant decline of ovarian protein and 3β- and
17β-hydroxysteroid dehydrogenase activities.
Hypocholesterolemic effect in serum detected.
Accumulation of glycogen in uterus.
Chinoy and Patel
2001

Chinoy and Patel
1998

Reference
Chinoy et al. 1994
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Drinking
water

Gavage

Mice, M,
40/group

Mice, M,
20/group

10, 20
30 days
mg/kg/day (NaF)

10, 20
30 days
mg/kg/day (NaF)

Epithelial-cell pyknosis and absence of luminal
sperm were observed. Disorganization of germinal
epithelial cells of seminiferous tubules with absence
of sperm in the lumina. Reduction in denudation of
cells, epithelial cell height, nuclear pyknosis, and
absence of sperm observed in the cauda epididymis.
The vas deferens epithelium showed clumped
sterocilia, nuclear pyknosis, and cell debris but no
sperm in the lumen and an increase in the lamina
propria. Marked recovery was observed with
withdrawal of treatment. No effects observed in the
prostate gland or seminal vesicles.
NaF caused lessened fertility rate when normal
cycling female mice were mated with treated mice.
Large numbers of deflagellated spermatozoa with
acrosomal, midpiece, and tail abnormalities were
observed. Significant recovery in sperm count,
sperm motility, and fertility rate was observed after
withdrawal of treatment for 2 months.
(Continued)

Chinoy and Sequeira
1992

Chinoy and Sequeira
1989
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Exposure
Route
Gavage

Gavage

Species, Sex,
Number
Mice, M,
20/group

Mice, M,
20/group

TABLE 6-1 Continued

10 mg/kg/day
(NaF)

Concentration/
Dose
10 mg/kg/day
(NaF)

30 days

Exposure
Duration
30 days
Effects
Alterations in epididymal milieu as elucidated by
the significant decrease in concentrations of sialic
acid and protein as well as activity of ATPase in
epididymides. Significant decrease in body and
epididymis weight. Weight of vas deferens and
seminal vesicle were not affected. Sperm
maturation process was affected, leading to decline
in cauda epididymal sperm motility and viability.
Significant reduction in fertility rate and cauda
epididymal sperm count. Treatment induced
substantial metabolic alterations in the epidymides,
vas deferens, and seminal vesicles of mice.
Supplements of vitamin D and E during the
withdrawal period enhanced recovery of all NaFinduced effects.
Significant decline in sperm acrosomal acrosin and
hyaluronidase. Acrosomal damage and
deflagellation observed. Sperm nuclear integrity not
affected. Structural and metabolic alterations and
reduced activity of the enzymes in sperm resulted in
a significant decrease in sperm count and poor
fertility rate. Cessation of NaF treatment for 30
days did not bring about complete recovery.
Administration of ascorbic acid or calcium
enhanced recovery and was more pronounced in
groups treated with both ascorbic acid and calcium.

Chinoy and Sharma
2000

Reference
Chinoy and Sharma
1998
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Drinking
water

Drinking
water

Mice, M,
10/group

Rat, F, 25
(treated), 18
(control)

4 and 10
weeks

Mean doses
during 10-week
treatment:
8.85, 15.64, and
27.25 mg/kg/day
150 mg/L (NaF) From 60 days
before mating
and through
pregnancy
and lactation

Mean doses
during 4-week
treatment:
12.53, 21.80,
39.19 mg/kg/day

100, 200, 300
mg/L (NaF)

There was inhibition of lactation in rats with chronic Yuan et al. 1994
fluorosis, as measured by slower rates of body
weight gain in pups and lower amount of milk
suckled in 30 minutes compared with control pups.
Prolactin concentration was decreased in serum but
increased in the pituitary gland. Microscopic
examination showed accumulation of large mature
secretory granules and appearance of extremely
large abnormal secretory granules in lactotroph
cytoplasma.
(Continued)

Fertility reduced significantly at 100, 200, and 300 Elbetieha et al. 2000
mg/L after 10 weeks but not after 4 weeks.
Implantation sites and viable fetuses were
significantly reduced in females mated with males
that had ingested NaF at a concentration of 200
mg/L for10 weeks. Relative weights of seminal
vesicles and preputial glands were significantly
increased in animals exposed to NaF 200 and 300
mg/L for 4 weeks but not in animals exposed for 10
weeks.
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Exposure
Route
Drinking
water

Rat, F, 10/group Gavage

Rat, F, 10/group Drinking
water

Species, Sex,
Number
Rat, F, 3335/group

TABLE 6-1 Continued

40 mg/kg/day
(NaF)

Mean doses:
22.58, 18.35, and
28.03 mg/kg/day
(NaF)

200, 400, and
600 mg/L (NaF)

Mean doses:
1.4, 3.9, 15.6,
24.7, and 25.1
mg/kg/day (NaF)

Concentration/
Dose
10, 25, 100, 175,
250 mg/L (NaF)
Effects
Significant reductions in maternal water
consumption in the two highest dose groups and a
significant reduction in maternal feed consumption
in the high-dose group. Body weights of dams were
reduced in the higher-dose groups. No significant
effect on any reproductive end points.
Developmental effects of fluoride were minimal,
with 250 mg/L (25.1 mg/kg/day being the lowest
observed effect level due to skeletal variations).
30 days,
None of the rats in the 28.03 mg/kg/day group
before mating survived the study period, and only three survived
from the 18.35 mg/kg/day group. Clinical signs of
toxicity (dehydration, lethargy, hunched posture)
were observed in these groups. All the rats exposed
to 22.58 mg/kg/day survived, and showed no signs
of toxicity.
Fetotoxicity observed at 22.58 mg/kg/day. Reduced
number of viable fetuses, increased number of
pregnant rats with resorptions, and increased total
number of resorptions.
Days 6 to 19 Significant reductions in body weight, feed
of gestation consumption, absolute uterine weight, and number
of implantations. Significantly higher incidence of
skeletal and visceral abnormalities. When NaF was
administered with vitamin C, the total percentage of
skeletal and visceral abnormalities was significantly
lower compared with the group treated with NaF
only. Vitamin E also had that effect but was not as
great as vitamin C.

Exposure
Duration
From day of
sperm
detection to
gestation day
20.

Verma and Guna
Sherlin 2001

Al-Hiyasat et al. 2000

Reference
Collins et al. 1995
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Drinking
water

Rat, M,
14/group

Rat, M,
12/group

Single
microdose
injection into
the vasa
deferentia
Drinking
water

Rat, M, 1520/group

Single dose
injection

100 and 200
mg/L (NaF)

6 and 16
weeks

5 and 10
30 days
mg/kg/day (NaF)

50 µg/50 µL
(NaF)

Arrest of spermatogenesis and absence of
spermatozoa in the lumina of the seminiferous
tubules of the testes. This resulted in a decline in
sperm count in caudae epididymides. Deflagellation
and tail abnormalities were observed.
Succinate dehydrogenase activity in the testes,
adenosine triphosphatase activity, and sialic acid
concentrations in epididymides in testes were
inhibited. A more pronounced effect was observed
on the cauda epididymis. Testicular cholesterol and
serum testosterone concentrations were not affected.
Significant decline in fertility attributed to decreased
sperm motility and count.
Severalfold increase in fluoride concentrations in
the testes and bone at both test concentrations
compared with controls. Fifty percent of the rats in
both treatment groups exhibited histopathologic
changes in the germinal epithelium of the testes
after 16 weeks. Concentrations of copper and
manganese in the testes, liver, and kidneys were not
changed. Iron concentrations in the testes and
plasma were not affected by fluoride but were
increased in the liver, kidneys, and bone.
Concentrations of zinc in the testes, plasma, liver,
and kidneys decreased significantly, particularly in
the 16-week groups. Zinc tended to increase in the
bone.
(Continued)

Krasowska and
Wlostowski 1992

Chinoy et al. 1992

Chinoy et al. 1991a
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Gavage

Drinking
water

Rat, M, 1030/group

Rat, M,
18/group

100, 200 mg/L
(NaF)

10 mg/kg/day
(NaF)

Drinking
10 mg/kg/day
water,
(NaF)
administered
before feeding

Rat, M,
10/group

Concentration/
Dose
10 mg/kg/day
(NaF)

Exposure
Route
Gavage

Species, Sex,
Number
Rat, M, 2530/group

TABLE 6-1 Continued
Effects
After 50 days of treatment, sperm acrosomal
hyaluronidase and acrosin were reduced. Other
observations included acrosomal damage and
deflagellation of sperm, decline in sperm motility,
decreased cauda epididymal sperm count, and
reduced fertility. Incomplete recovery observed at
withdrawal of NaF treatment for 70 days. Ascorbic
acid and calcium produced significant recovery of
NaF-induced effects.
50 days
No significant change in testicular cholesterol
concentrations. Testicular 3β-HSD and 17β-HSD
activities were modestly decreased by NaF
ingestion. Histomorphometric analyses indicated a
significant change in the Leydig cell diameter in
correlation with androgen concentrations.
30 and 50
Significant elevation in serum fluoride
days
concentrations (3.6 ± 0.11 ppm) with a simultaneous
rise in sperm calcium. Treatment resulted in
structural and metabolic alterations in sperm,
leading to low sperm motility, low sperm
mitochondrial activity index, reduced viability, and
changes in sperm membrane phospholipids. A
significant reduction in electrolyte concentrations of
sperm was observed. Protein concentrations in
cauda epididymal sperm suspension, vas deferens,
seminal vesicle, and prostate significantly decreased
after treatment. Glycogen accumulated in vas
deferens and fructose decreased in seminal vesicles
and vas deferens.
2, 4, 6 weeks Serum testosterone concentration decreased with
time in exposed rats. Testis cholesterol
concentration was significantly decreased in the
liver of rats exposed 4 and 6 weeks.

Exposure
Duration
50 days

Zhao et al. 1995

Chinoy et al. 1995

Narayana and Chinoy
1994b

Reference
Narayana and Chinoy
1994a
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Injection, left
testis

Drinking
water

Drinking
water

Rat, M,
24/group

Rat, M,
12/group

Rat, M, 25

Single
injection

Sprando et al. 1996
Seminiferous tubule damage observed in vehicleinjected control and exposed testes; no damage was
observed non-injected testes. Polymorphonuclear
leukocyte infiltration was observed at injection site
in both vehicle- and fluoride-injected groups after
24 hours. No effect on Leydig cells.
25, 100, 175, 200 14 weeks (10 No effects were observed within the P generation
Sprando et al. 1997
males and the F1 generation groups in testis weights,
mg/L (NaF)
weeks
pretreatment, prostate/seminal vesicle weights, nonreproductive
3 weeks
organ weights, testicular spermatid counts, sperm
mating, 1
production per gram of testis per day, sperm
week
production per gram of testis, lutenizing hormone,
postmating) follicle-stimulating hormone, or serum testosterone
concentrations. No histological changes were
observed in testicular tissues from either the P or the
F1 generation.
Sprando et al. 1998
No significant effect on absolute volume of the
25, 100, 175, 250 In utero,
seminiferous tubules, interstitial space, Leydig cells,
mg/L (NaF)
during
lactation, 14- blood vessel boundary layer, lymphatic space,
weeks post- macrophages, tubular lumen or absolute tubular
length and absolute tubular surface area, mean
weaning
Sertoli cell nucleoli number per tubular cross
section, mean seminiferous tubule diameter, and
mean height of the seminiferous epithelium.
Statistically significant decrease in the absolute
volume and volume percent of the lymphatic
endothelium was observed in NaF-treated groups
(175 and 250 mg/L) and in the testicular capsule in
the NaF-treated group (100 mg/L).
(Continued)
50, 175, 250
ppm (NaF)
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40 mg/kg/day
(NaF)

Gavage

Rat, M, F,
10/group

Day 6 of
gestation to
day 21 of
lactation

29 days

Concentration/
Exposure
Dose
Duration
0, 25, 100, 175, 10 weeks
250 mg/L (NaF)

20 mg/kg/day
(NaF)

Exposure
Route
Drinking
water

Rat, M, 6/group Gavage

3 generations

Species, Sex,
Number
Rat, M, F, 3648/group

TABLE 6-1 Continued
Effects
Decreased fluid consumption observed at 175 and
250 mg/L attributed to decreased palatability; no
effect on reproduction. No cumulative effects were
observed in any generation. Mating, fertility, and
survival, organ-to-body weight ratios, and organ-tobrain ratios were not affected. Treatment up to 250
mg/L did not affect reproduction.
Testicular 3β-HSD and 17β-HSD activities were
decreased significantly. Substantial reduction in
plasma concentrations of testerosterone in the
exposed group. Decreased epididymal sperm count
and fewer mature luminal spermatozoa in the
exposed group. NaF treatment was associated with
oxidative stress, as indicated by an increased
concentration of conjugated dienes in the testis,
epididymis, and epididymal sperm pellet.
Significant reduction in peroxidase and catalase
activities in the sperm pellet in exposed group as
compared with controls.
NaF treatment associated with significant reductions
in body weight, feed consumption, concentration of
glucose, and protein in the serum. Administration
of vitamins C, D, and E helped to restore body
weight loss as well as glucose, protein, sodium, and
potassium concentrations in the serum of exposed
rats. Withdrawal of NaF treatment during lactation
caused significant amelioration in feed consumption
and in serum sodium, potassium, glucose, and
protein concentrations. Additional treatment with
vitamin E caused substantial improvements in body
weight reductions and in serum concentration of
sodium, potassium, glucose, and protein.
Verma and Guna
Sherlin 2002a

Ghosh et al. 2002

Reference
Collins et al. 2001a
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Feed

Drinking
water

Drinking
water

Rabbit, M,
5/group

Rabbit, M,
10/group

Rabbit, M,
8/group

10 mg /kg/day
(NaF)

10 mg/kg/day
(NaF)

18 months

18 or 29
months

20, 40
30 days
mg/kg/day (NaF)

Subcutaneous 5, 10, 20, 50
100 days
injection
mg/kg/day (NaF)

Rabbit, F,
10/group

Abnormal accumulation of lipids in testes observed
in treated rabbits. Hyperphospholipidemia,
hypertriglyceridemia, and hypercholesterolemia
indicated enhanced lipid biosynthesis was observed
in response to fluoride toxicosis. Significant (P <
0.001) increase in amount of free fatty acids
observed in testes of treated animals.
Decline in fertility related to reduced sperm motility
and count and changes in morphology and
metabolism. No recovery after withdrawal for 30
days from treatment. With administration of
ascorbic acid and calcium, marked recovery
occurred.
Loss of cilia on the epithelial cells lining the lumen
of the ductuli efferentes of the caput epididymidis
and of stereocilia on the epithelial cells lining the
lumen of the vas deferens was observed. The
boundaries of cells peeled off and were not clear in
some regions of the epithelial lining of the lumen of
the ductuli efferentes and vas deferens. Cessation of
spermatogenesis was noted only in rabbits treated
for 29 months.
Structural defects in the flagellum, the acrosome,
and the nucleus of the spermatids and epididymal
spermatozoa were observed in the treated rabbits.
Absence of outer microtubules, complete absence of
axonemes, structural and numeric aberrations of
outer dense fibers, breakdown of the fibrous sheath,
structural defects in the mitochondria of the middle
piece of the flagellum, and detachment and peeling
of the acrosome from the flat surfaces of the nucleus
was observed.
(Continued)

Kumar and Susheela
1994

Susheela and Kumar
1991

Chinoy et al. 1991b

Shashi 1992a
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Drinking
water

Gavage

Rabbit, M,
12/group

Guinea pig, M,
10/group

460 ppm
(fluoride)

30 mg/kg/day
(NaF)

10 mg/kg/day
(NaF)

Concentration/
Dose
10 mg/kg/day
(NaF)

2 years

30 days

18 and 23
months

Exposure
Duration
20 and 23
months

Abbreviations: F, female; HSD, hydroxysteroid dehydrogenase; M, male.

Sheepdog, F, M, Feed
5/group

Exposure
Route
Drinking
water

Species, Sex,
Number
Rabbit, M,
12/group

TABLE 6-1 Continued
Effects
Fluoride concentrations in the sera of treated
animals were significantly increased. Loss of
stereocilia, significant decrease in the height of the
pseudostratified columnar epithelium, and
significant increase in the diameter of the caput and
cauda ductus epididymis observed in the 23-month
treatment group. Weights of the cauda epididymis
and caput were significantly reduced in the 23month-treated animals; the number of secretory
granules in those organs was reduced.
Fluoride concentrations in the sera were
significantly increased in treated rabbits (P <0.001).
There was dilation of the smooth endoplasmic
reticulum and mitochondrial cristae of the Leydig
cells. Leydig cells had lower numbers of lipid
droplets and smooth endoplasmic reticulum
compared with Leydig cells of unexposed rabbits.
Intranuclear filamentous inclusions observed in
treated rabbits. Interstitial tissue of the testis was
degenerated.
Structural and metabolic alterations of the cauda
epididymal spermatozoa led to substantial decreases
in sperm mitochondrial activity index, motility,
live/dead ratio. Increases in sperm membrane
phospholipids were observed. ATPase, succinate
dehydrogenase, and glutathione concentrations were
decreased in testis of treated animals.
Administration of ascorbic acid led to recovery in
these parameters.
No adverse effect on reproduction attributable to
treatment. Bony exostoses was observed in 4 of 10
treated dogs.

Schellenberg et al.
1990

Chinoy et al. 1997

Susheela and Kumar
1997

Reference
Kumar and Susheela
1995
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For risk evaluation, a comprehensive multigenerational study of fluoride effects on
reproduction using standard guidelines and adequate numbers of animals has been conducted in
rats (Collins et al. 2001a). Rats were administered drinking water with NaF at 0, 25, 100, 175,
and 250 mg/L over three generations. No compound-related effects were found on mating or
fertility; gestation or lactation; or F1 survival, development, and organ weights. No alterations in
the teeth were seen except for mild whitening observed in rats exposed to fluoride at 100 mg/L
or greater. That well-conducted study concluded that NaF at concentrations up to 250 mg/L in
the drinking water did not alter reproduction in rats (Collins et al. 2001a).
Human Studies
The few studies gleaned from a search of the literature since 1990 that evaluated
reproductive effects of fluoride ingestion in humans are outlined in Table 6-2, listing the
estimated fluoride exposure and main observations. In highly exposed men with and without
skeletal fluorosis (fluoride at 1.5-14.5 mg/L in the drinking water), serum testosterone
concentrations were significantly lower than a control cohort exposed to fluoride at less than 1.0
mg/L in drinking water (Susheela and Jethanandani 1996). Although there was a 10 year
difference in the mean ages between the skeletal fluorosis patients (39.6 years) and control
subjects (28.7 years), this study suggests that high concentrations of fluoride can alter the
reproductive hormonal environment.
In an ecological study of U.S. counties with drinking water systems reporting fluoride
concentrations of at least 3 mg/L (Freni 1994), a decreased fertility rate was associated with
increasing fluoride concentrations. Because methods for analyzing the potential amounts and
direction of bias in ecological studies are limited, it is possible only to discuss some of the
strengths and weaknesses of this complicated study (See Chapter 10 and Appendix C for a more
in-depth discussion of ecologic bias). Freni’s study is actually partially ecologic; the outcome
(fertility) is age-standardized at the individual level, while exposure to fluoride and covariates
are measured at the group level. Controlling for age of the mother is a strength of the study, but
to avoid bias all ecological variables should be standardized in the same fashion (Greenland
1992). The model adjusted for a number of important socioeconomic and demographic variables
at the group level, but these might not adequately control for individual-level determinants of
fertility such as family income and use of contraceptives. For example, median income (a grouplevel variable) and family income (an individual-level variable) may have independent and
interactive effects on outcome. One of the two ecologic exposure measures examined the
percentage of the population served by water systems with fluoride concentrations of at least 3
mg/L. That has the potential advantage of not assuming an effect at lower fluoride
concentrations (as does the mean fluoride concentration, the other exposure measure), but it has
the disadvantage that, unlike individual-level studies, nondifferential misclassification of
dichotomous exposures within groups tend to bias ecologic results away from the null (Brenner
et al. 1992). While the results of the Freni study are suggestive, the relationship between fertility
and fluoride requires additional study.
A study of workers in Mexico, who were occupationally exposed to fluoride (estimated to
range from 3-27 mg/day) producing hydrofluoric acid and aluminum fluoride, found alterations
in serum hormone concentrations with normal semen parameters (Ortiz-Perez et al. 2003).

Pregnant women
undergoing
amniocentesis (n
= 121, divided
into 6 exposure
groups)
Men (ages 2830; n = 8)

25, 50, 250 mM (NaF)
In vitro with
spermatozoa,
intervals of 5, 10,
and 20 minutes

Oral doses, 24
hours and 3
hours before
amniocentesis

Pregnant women Drinking water
(n = 25)

Brambilla et al.
1994

Malhotra et al.
1993

Reference
Gupta et al.
1993

Chinoy and
Substantial enhancement of acid phosphatase and
hyaluronidase activities after 5 and 10 minutes (P < 0.001). Narayana 1994
Decrease in lysosomal enzyme activity after 20 minutes.
Analysis of sperm revealed elongated heads, deflagellation,
splitting, loss of the acrosome, and coiling of the tail.
Glutathione concentrations exhibited time-dependent
decrease with complete depletion after 20 minutes (P <
0.001). Suppressed sperm motility after 20 minutes at a
dose of 250 mM (P < 0.001).

Results
Fairly positive correlation (r = 0.736) between cord blood
values and maternal blood fluoride concentrations. On
average, the cord blood fluoride concentration was about
60% that in maternal blood. At a maternal fluoride
concentration greater than 0.4 ppm, the cord blood fluoride
concentration increased by only about 12%. The placenta
was found to serve as an effective barrier within this range.
Maternal plasma fluoride
Cord plasma fluoride concentrations ranged from 0.11-0.39
concentrations ranging from µg/ml. In 8% of the cases, cord plasma concentrations were
0.12-0.42 µg/ml
higher than maternal plamsa concentrations. Positive
correlation (r = 0.97) in fluoride concentrations between
maternal and cord plasma indicates that the placenta
allowed passive diffusion of fluoride from mother to fetus.
0.56, 1.12, 1.68, 2.30, or
F- concentration in amniotic fluid was significantly higher
2.80 mg of NaF
than controls in the 1.25 mg/day F- group but not in any of
corresponding to 0.25, 0.50, the other exposure groups. No significant correlation
0.75, 1.00,or 1.25 mg of F- between F- concentration in maternal plasma and in
aminotic fluid.

Exposure Route,
Subjects
Duration
Concentration/Dose
Pregnant women Drinking water Maternal blood fluoride
(n = 25)
concentrations ranging from
0.1 to 2.4 ppm

TABLE 6-2 Human Reproductive Studies
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3–27.4 mg/day (fluoride)

Shimonovitz et
al. 1995

Freni 1994

Susheela and
Jethanandani
1996
In the high fluoride exposure group, a significant increase in Ortiz-Perez et
al. 2003
FSH (P < 0.05) and a reduction of inhibin-B, free
testosterone, and prolactin in serum (P < 0.05) were
observed. Decreased sensitivity was found in the FSH
response to inhibin-B (P < 0.05) when the high exposure
group was compared with the low exposure group.
Significant partial correlation was observed between urinary
fluoride and serum concentrations of inhibin-B (P < 0.028).
No abnormalities were found in the semen parameters in
either the high or low fluoride exposure groups.

In this ecological study, there was an association between
decreasing total fertility rate and increasing fluoride
concentrations in most regions. Combined result was a
negative total fertility rate/fluoride association with a
consensus combined P value of 0.0002-0.0004. Association
was based on population means rather than individual
women.
Maternal serum fluoride
Cord serum fluoride concentrations ranged from 0.003concentrations ranging from 0.078 µg/ml, and neonatal serum concentrations ranged
0.003-0.041µg/ml
from 0.017-0.078 µg/ml. No correlation in fluoride
concentrations found between maternal and cord sera,
maternal and neonatal sera, or maternal and neonatal sera.
1.5–14.5 mg/L (fluoride)
Serum testosterone concentrations in patients were
significantly lower than controls (P < 0.01).

≥ 3 mg/L (fluoride)

Abbreviations: FSH, follicle-stimulating hormone.

Men with
Drinking water
skeletal fluorosis
(n = 30)
Male workers in Drinking water
Mexico (ages
20-50; n = 126) ,
who produce
fluorohydric acid
and aluminum
fluoride

Pregnant women Drinking water
(n = 22)

30 regions
Drinking water
spread over nine
states
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However, that study involved a comparison of a high-fluoride-exposed group and a low-fluorideexposed group with poorly defined exposures and overlapping exposure characteristics.
Overall, the available studies of fluoride effects on human reproduction are few and have
significant shortcomings in design and power, limiting inferences.
DEVELOPMENTAL EFFECTS
There is wide variation with some correlation between fluoride concentration in maternal
serum and cord blood, indicating that fluoride readily crosses the placenta. In general, average
cord-blood concentrations are approximately 60% of maternal-serum concentrations, with
proportionally lesser amounts present as higher maternal-serum concentrations (Gupta et al.
1993; Malhotra et al. 1993; Shimonovitz et al. 1995). Therefore, potential toxicity to the
developing embryo and fetus in the setting of high maternal ingestion of fluoride has been a
concern evaluated in both animal and humans.
Animal Studies
Studies gleaned from a search of the literature since 1990 that evaluated developmental
toxicity in animal models are outlined in Table 6-3, listing the fluoride dosing regimens and main
observations. High-dose hazard identification studies, such as a recently reported Xenopus
embryo development study using the FETAX assay (Goh and Neff 2003), suggest that
developmental events are susceptible to disruption by fluoride.
For risk evaluation, several comprehensive studies of fluoride effects on development
using standard guidelines and adequate numbers of animals have been conducted in rats and
rabbits (Collins et al. 1995; Heindel et al. 1996; Collins et al. 2001b). Those high-quality studies
evaluated fluoride concentrations in drinking water of 0-300 mg/L in rats and 0-400 mg/L in
rabbits. Across the studies, there was a trend toward lower maternal body weights and lower
maternal intake of food and water at the higher concentrations in both rats and rabbits (250-400
mg/L). Overall, developmental effects of fluoride were minimal, with 250 mg/L in rats being the
lowest-observed-adverse-effect level due to skeletal variations (Collins et al. 1995, 2001b). For
rabbits, the no-observed-adverse-effect level was >400 mg/L for administration during gestation
days 6-19, the period of organogenesis (Heindel et al. 1996).
Human Studies
The few studies gleaned from a search of the literature since 1990 that evaluated
developmental effects of fluoride ingestion in humans are outlined in Table 6-4, listing the type
of study, estimated fluoride exposure, and main observations. These studies have focused on
examining an association between fluoride and three different human developmental outcomes—
spina bifida occulta, sudden infant death syndrome, and Down’s syndrome. Two small studies
have raised the possibility of an increased incidence of spina bifida occulta in fluorosis-prone
areas in India (Gupta et al. 1994, 1995); larger, well-controlled studies are needed to evaluate
that possibility further. Studies from New Zealand (Mitchell et al. 1991; Dick et al. 1999) found

Drinking
water

Rat, F,
10/group

Mean doses:
0, 1.4, 3.9, 15.6,
24.7, and 25.1
mg/kg/day (NaF)
40 mg/kg/day
(NaF)

Concentration/
Dose
0, 10, 25, 100,
175, 250 mg/L
(NaF)

Intraperitoneal 0, 30 and 48
Rat, M, F,
injection
mg/kg (NaF)
40-50
animals/grou
p from 4 or
5 litters at
each age

Exposure
Route
Drinking
water

Species,
Sex,
Number
Rat, F, 3335/group

TABLE 6-3 Developmental Toxicity Studies

(Continued)

Daston et al.
1985

Guna Sherlin and
Verma 2001

Effects
Reference
Significant reductions in maternal water consumption in the Collins et al.
1995
two highest-dose groups and a significant reduction in
maternal feed consumption in the high-dose group. Body
weights of dams were reduced in the higher-dose groups.
The only significant developmental effect was an increase
in the average number of fetuses with three or more skeletal
variations in the 25.1-mg/kg/day group.

NaF caused significantly lowered body weight, feed
consumption, absolute uterine weight, and number of
implantations. Higher incidence of skeletal (14th rib,
dumbbell-shaped 5th sternebrae, incomplete ossification of
skull, wavy ribs) and visceral abnormalities (subcutaneous
hemorrhage) in fetuses. Vitamin D treatment improved
reductions in body weight, feed consumption, and uterine
weight.
Changes in renal function included decreased body weight
Single
injection on after NaF treatment at 30 or 48 mg/kg; increased
postnatal day kidney/body weight ratio in the 48-mg/kg group; decreased
urinary pH; decreased chloride excretion in the 48 mg/kg
1, 8, 15, or
group, and increased urinary volume 120 hours after
29
treatment. Renal toxicity was observed in postweaning day
29 rats. NaF exposure resulted in increased kidney/body
weight ratio and kidney weight, profound diuresis,
decreased urinary osmolality, and decreased ability to
concentrate urine during water deprivation. Decrease in
urinary chloride excretion was observed for the first 2 days
after exposure; it was increased in water-deprived rats 120
hours after treatment. Hematuria and glucosuria were
observed for 2 days after treatment with 48 mg/kg. Renal
sensitivity noted after weaning in day 29 rats. Histological
lesions noted in proximal tubules of treated day 29 rats.

From day 6
to 19 of
gestation

Exposure
Duration
From day of
sperm
detection to
gestation day
20
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Incubated with
NaF solution

Effects
In high-dose group, initial decreased body weight gain
(recovered over time) and decreased water consumption.
No clinical signs of toxicity were observed. In both the
rabbit and rat, maternal exposure to NaF during
organogenesis did not substantially affect frequency of
postimplantation loss, mean fetal body weight/litter, and
visceral or skeletal malformations. The NOAEL for
maternal toxicity was 18 mg/kg/day (NaF) in drinking
water for rats and rabbits. The NOAEL for developmental
toxicity was greater than 27 mg/kg/day (NaF) for rats and
greater than 29 mg/kg/day for rabbits.

Goh and Neff
2003

Collins et al.
2001b

Reference
Heindel et al.
1996

Abbreviations: EC50, median effective concentration; F, female; LC50,, median lethal concentration; M, male; NOAEL, no-observed-adverse-effect level.

Frog
(Xenopus)
embryo,
20/group

Exposure
Duration
Rat: from
gestational
day 6 to 15
Rabbit: from
gestational
day 6 to 19

Rabbit: 0, 100,
200, 400 mg/L
(NaF) (mean
doses 10.3, 18.1,
and 29.2
mg/kg/day)
0, 25, 100, 175, F0: 10 weeks No dose-related feed consumption or mean body weight
250 mg/L (NaF)
gain in either F0 or F1 females. Statistically significant
decreases in fluid consumption for F0 at 250 mg/L and F1 at
Mean doses:
175 and 250 mg/L. Corpora lutea, implants, fetal
(F0): 3.4, 12.4,
morphological development, and viable fetuses were
similar in all groups. No dose-related anomalies in internal
18.8, 28.0
organs were observed in F2 fetuses. Ossification of the
mg/kg/day
(NaF)
hyoid bone was significantly decreased among F2 fetuses at
(F1): 3.4, 13.2,
250 mg/L.
19.3, 25.8
mg/kg/day
(NaF)
100-1,000 ppm 2, 3, 4, 5, 9, Reduction in head-tail lengths and dysfunction of the
(NaF)
14.75 hours neuromuscular system of the tadpoles. EC50 for
after
malformation in growth after exposure to NaF 5 hours after
fertilization fertilization is 184 ppm. Calculated LC50 is 632 ppm.
Values for EC50 and LC50 met the limits established for a
teratogen in frog embryos.

Concentration/
Exposure Route Dose
Drinking water Rat: 0, 50, 150,
300 mg/L (NaF)
(mean doses 6.6,
18.3, and 27.1
mg/kg/day)

Rat, M, F, 3 Drinking water
generations
(F0, F1, F2),
F0: 48 M, 48
F/group; F1:
36 M, 36
F/group; F2:
238 fetuses

Rabbit, M,
F, 26/group

Species,
Sex,
Number
Rat, M, F,
26/group

TABLE 6-3 Continued
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Drinking water

Pregnant women Drinking water
(n = 22)

Children (ages
4-12; n = 30)

Exposure Route,
Subjects
Duration
Pregnant women Oral doses,
(mean age 29; n taken during
final trimester
= 91), routine
th
examination at 6 of pregnancy
month of
pregnancy, 4
groups
Pregnant women Drinking water
(n = 25)
1.2 mg/L,
continuous fluoride
concentration in
drinking water

(Continued)

Shimonovitz et
al. 1995

Gupta et al. 1994

Malhotra et al.
1993

Results
Reference
Significant difference between cord plasma fluoride concentrations Caldera et al.
of newborns in untreated group (mean 27.8 µg/L) and of combined 1988
supplemented groups (mean 58.3 µg/L).

Fluoride in maternal plasma varied from 12.00 µg/100 mL to 41.8
µg/100 mL. In cord blood, it ranged from 11.20 µg/100 mL to
38.8 µg/100 mL; 8% of cases showed cord plasma fluoride
concentrations higher than that of maternal concentrations. A
highly significant correlation was found between the plasma
fluoride concentration of maternal and fetal blood (P < 0.001).
4.5-8.5 mg/L
Blood fluoride concentrations of children were 0.9 ppm and 1.1
(fluoride)
ppm. Serum fluoride concentrations ranged from 1.6 to 1.9 ppm.
Of 30 skiagrams of the lumbosacral region, 14 (47%) showed
spina bifida occulta.
0.22-0.49 µg/L
Serum fluoride concentrations were 0.018 ± 0.012 µg/mL in
(fluoride in drinking mothers, 0.030 ± 0.015 µg/mL for umbilical cord samples, and
water)
0.038 ± 0.016 µg/mL for neonates. Statistically significant
differences were found between maternal and cord serum fluoride
(P ≤ 0.05) and between neonatal and cord serum fluoride (P ≤
0.05). No statistical difference between maternal and neonatal
serum fluoride. No correlation in fluoride concentrations between
maternal and neonatal sera, between maternal and cord sera, or
between neonatal and cord sera.

Concentration/Dose
0, 1.5 mg of F
(CaF2) per day; 1.5
mg of F (NaF) per
day; 0.75 mg of F
(NaF) twice per day

TABLE 6-4 Human Developmental Studies
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Drinking water
Children from
India (ages 5-12;
n = 50) with
dental and/or
skeletal fluorosis
Data for mothers Drinking water
under age 30,
Down’s
syndrome birth
rates in five
counties of
metropolitan
Atlanta, Georgia
(reanalysis of
Erickson 1976)
Drinking water
Data from
literature search
on studies of
Down’s
syndrome and
exposure to
fluoride

Exposure Route,
Subjects
Duration
Fetuses (14-36 Drinking water
weeks of
intrauterine life;
n = 64)

TABLE 6-4 Continued

Takahashi 1998

Whiting et al.
2001

Six ecological studies were included in the evaluation. Crude
relative risk ranged from 0.84 to 3.0. Four studies found no
significant association between Down’s syndrome and water
fluoride concentration. Two studies showed increased incidence
of Down’s syndrome with increased water fluoride concentrations
(P < 0.05). All the studies scored poorly on the validity
assessment. Only two studies controlled for confounding factors,
only one of which presented summary outcome measures.

Gupta et al. 1995

Highly significant association between fluoridated water and
Down’s syndrome births (P < 0.005) in a selected subset of
previously published data.

≤1.5 (control), 4.5,
and 8.5 mg/L
(fluoride)
Not specified;
comparison of
fluoridated and
nonfluoridated
communities;
authors selected 0.10.3 mg/L as a
reasonable range
assumption for
nonfluoridated areas
Range from all
studies was 0-2.8
mg/L

Reference
Mokrzynski and
Machoy 1994

Results
Higher contents of Ca, Mg, and P were disclosed in the diaphyseal
part of the bones. Higher concentrations of fluoride were recorded
in the metaphysis than in the shaft. Statistically significant
correlations between fetal age and content of calcium and
phosphorus in the bones; the fluoride contents in the shaft and in
the metaphyseal part. No influence of fluoride on calcification of
fetal bony tissue.
A total of 22 (44%) of the 50 children in the study group, and 6
(12%) of the children in the control group revealed spina bifida
occulta in the lumbosacral region. Proportion of children with
spina bifida occulta in fluoride-rich areas was 44%.

Concentration/Dose
0.2 mg/L (fluoride
concentration in
drinking water)
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Median fluoridation Strong negative correlation between SIDS and mean daily
Mitchell et al.
was ≤1 g/m3
1991
temperature of -0.83 (P = 0.0001). Nonsignificant correlation
between SIDS and average fluoridation (P = 0.24). Mean daily
temperature was significant while average fluoridation was not.
Daily temperature was a significant predictor of SIDS after
removing average fluoridation from the model.
Exposed infants to fluoridated water in utero were not at increased Dick et al. 1999
0.7-1.0 mg/L
risk for SIDS, adjusted odds ratio 1.19. Fluoridated water was not
(artificial)
associated with increased risk for SIDS among breastfed infants.
0.1-0.3 mg/L
Fluoridated formula feeding, compared with unfluoridated
(natural)
formula, showed no increase of SIDS. No interaction between
fluoridation and infant feeding.

Abbreviations: SIDS, sudden infant death syndrome.

Drinking water
Data from
literature search
on SIDS
mortality rate for
1980-1984 in
New Zealand
Drinking water
485
postneonatal
deaths attributed
to SIDS; 1,800
control infants
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no association between fluoride and sudden infant death syndrome. In one of those studies (Dick
et al. 1999), a nationwide case-control database of sudden infant death syndrome was evaluated
for fluoride exposure status and controlled for the method of infant feeding (breast or
reconstituted formula) with the conclusion that exposure to fluoridated water prenatally or
postnatally at the time of death did not affect the relative risk of sudden infant death syndrome.
A small number of ecologic studies have examined Down’s syndrome (trisomy 21)
prevalence among populations in municipalities with differences in water fluoride
concentrations. The possible association of cytogenetic effects with fluoride exposure (see
Chapter 10) suggests that Down’s syndrome is a biologically plausible outcome of exposure.
There are other indications in the literature that environmental exposures could contribute to an
increased incidence of Down’s syndrome births among younger mothers (Read 1982; Yang et al.
1999; Hassold and Sherman 2000; Peterson and Mikkelsen 2000).1 There are many difficulties
with analyzing the available data on Down’s syndrome and fluoride. First, the source of the data
on Down’s syndrome births must be considered. Sources have included birth certificates,
hospital records, and reports from parents. Birth certificates are not an ideal source of data
because signs of Down’s syndrome are not always readily apparent at birth and the condition,
even when diagnosed early, is not always recorded on the birth certificate. Thus, considerable
differences can be expected in the data collected when different sources are used to determine
the incidence of the disorder. At the present time, the only firm diagnosis of Down’s syndrome
comes from examination of chromosomes or DNA. Second, the mother’s history of exposure to
fluoride is difficult to determine. The fact that a woman has a baby in one city does not mean
she is from that city or indicate how long she has been in the region. Third, the age of the
mother is an important risk factor in the occurrence of children with Down’s syndrome; the rates
rise exponentially with age.
Two early papers (Rapaport 1956, 1963) reported an association between elevated rates
of Down’s syndrome and high water fluoride concentrations. Rapaport also was the first to
suggest that maternal age might be an important consideration, with the association between
drinking water fluoride concentrations and elevated rates of Down’s syndrome particularly
1

Some fraction of maternal recombination events, prior to the first meiotic division, apparently result in a
chromosome 21 tetrad (paired chromosomes each with two chromatids) that is more susceptible to nondisjunction,
due to lack of a cross-over or to very proximal or very distal location of the cross-over (Lamb et al. 1996; 1997;
Brown et al. 2000; Hassold and Sherman 2000; Petersen and Mikkelsen 2000; Pellestor et al. 2003). Production of
the susceptible tetrad occurs during the mother’s own fetal development and appears to be age-independent (Lamb
et al. 1996; 1997; Brown et al. 2000; Hassold and Sherman 2000; Hassold et al. 2000; Petersen and Mikkelsen
2000). However, the likelihood that the susceptible tetrad will be processed abnormally—i.e., will give rise to
nondisjunction rather than segregating normally—appears to be age-dependent, with an increased likelihood of
nondisjunction with increased maternal age (Lamb et al. 1996; 1997; Brown et al. 2000; Hassold and Sherman 2000;
Hassold et al. 2000; Wolstenholme and Angell 2000; Petersen and Mikkelsen 2000). This age-related effect
involves a disturbance of the meiotic process (e.g., failure of the spindle apparatus or degradation of a meiotic
protein), inhibition of a DNA repair enzyme, or an environmental exposure (Lamb et al. 1997; Brown et al. 2000;
Hassold and Sherman 2000; Petersen and Mikkelsen 2000; Wolstenholme and Angell 2000; Pellestor et al. 2003),
and is probably multifactorial (Pellestor et al. 2003). Environmental factors that disrupt the meiotic process could
increase the likelihood of Down syndrome births in younger mothers, essentially increasing the likelihood of
incorrect segregation of susceptible tetrads to that generally seen in older women. According to Petersen and
Mikkelsen (2000), “the findings suggest that aging alone is sufficient to disrupt the meiotic process, whereas in
younger women there is a higher requirement for a genetic or environmental factor for nondisjunction to occur.”
For example, Yang et al. (1999) reported that for a specific type of maternal meiotic error, for younger mothers,
there was a significant association with environmental exposures (in this case, maternal smoking, especially in
combination with the use of oral contraceptives) around the time of conception.
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pronounced among young mothers. However, the impact of Rapaport’s observations is limited
by some significant methodological concerns, including the use of crude rates as opposed to
maternal age-specific rates, limited case ascertainment, and the presentation of crude rates per
100,000 population as opposed to per live births. Several subsequent reports (Berry 1958;
Needleman et al. 1974; Erickson et al. 1976; Erickson 1980) studied the association of Down’s
syndrome with fluoride or water fluoridation. Berry (1958) found little difference in rates of
Down’s syndrome between communities with relatively high and low water fluoride
concentrations; however, the populations evaluated were small, and maternal age was not
considered in the analysis. Needleman et al. (1974) found a positive association between water
fluoride concentration and Down’s syndrome incidence when crude incidence rates were
compared; however, this apparent association was largely lost when the comparison was limited
to before and after fluoridation for a subset of towns that introduced water fluoridation, an
attempt to partially control for maternal age. Erickson et al. (1976) used data from two sources,
the Metropolitan Atlanta Congenital Malformations Surveillance Program and the National Cleft
Lip and Palate Intelligence Service. The metropolitan Atlanta database is particularly robust,
with detailed retrospective ascertainment. Erickson et al. (1976) found no overall association
between the crude incidence rates of Down’s syndrome and water fluoridation; however, their
data suggested a possible increased rate of Down’s syndrome among births to mothers below age
30. Takahashi (1998) grouped Erickson’s metropolitan Atlanta data for mothers under 30 and
calculated a highly significant association (P < 0.005) between fluoridated water and Down’s
syndrome births to young mothers. A recent review (Whiting et al. 2001) has evaluated the
quality of the literature and concluded that an association between water fluoride concentration
and Down’s syndrome incidence is inconclusive. While the committee agrees with this overall
characterization, the review by Whiting et al. was problematic. For example, it described all six
studies as ecological and all but one (Rapaport 1956) as having found the majority of cases.
However, some studies were partially ecologic, assigning exposure at the group level but
categorizing case status and limited covariates (age, race) at the individual level. Erickson
(1980) ascertained cases via birth certificates and explicitly acknowledged problems with this
approach.
Overall, the available studies of fluoride effects on human development are few and have
some significant shortcomings in design and power, limiting their impact.
FINDINGS
A large number of reproductive and developmental studies in animals have been
conducted and published since 1990, and the overall quality of the database has improved
significantly. High-quality studies in laboratory animals over a range of fluoride concentrations
(0-250 mg/L in drinking water) indicate that adverse reproductive and developmental outcomes
occur only at very high concentrations. A few studies of human populations have suggested that
fluoride might be associated with alterations in reproductive hormones, fertility, and Down’s
syndrome, but their design limitations make them of little value for risk evaluation.
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RECOMMENDATIONS
• Studies in occupational settings are often useful in identifying target organs that might

be susceptible to disruption and in need of further evaluation at the lower concentrations of
exposure experienced by the general population. Therefore, carefully controlled studies of
occupational exposure to fluoride and reproductive parameters are needed to further evaluate the
possible association between fluoride and alterations in reproductive hormones reported by
Ortiz-Perez et al. (2003).
• Freni (1994) found an association between high fluoride concentrations (3 mg/L or
more) in drinking water and decreased total fertility rate. The overall study approach used by
Freni has merit and could yield valuable new information if more attention is given to controlling
for reproductive variables at the individual and group levels. Because that study had design
limitations, additional research is needed to substantiate whether an association exists.
• A reanalysis of data on Down’s syndrome and fluoride by Takahashi (1998) suggested a
possible association in children born to young mothers. A case-control study of the incidence of
Down’s syndrome in young women and fluoride exposure would be useful for addressing that
issue. However, it may be particularly difficult to study the incidence of Down’s syndrome
today given increased fetal genetic testing and concerns with confidentiality.

7
Neurotoxicity and Neurobehavioral Effects

This chapter evaluates the effects of fluoride on the nervous system and behavior, with
particular emphasis on studies conducted since the earlier NRC (1993) review. The human data
include epidemiologic studies of populations exposed to different concentrations of fluoride and
individual case studies. In addition, laboratory studies of behavioral, biochemical, and
neuroanatomical changes induced by fluoride have been reviewed and summarized. At the end
of the chapter, conclusions and recommendations for future research are presented.
HUMAN STUDIES
Cognitive Effects
Several studies from China have reported the effects of fluoride in drinking water on
cognitive capacities (X. Li et al. 1995; Zhao et al. 1996; Lu et al. 2000; Xiang et al. 2003a,b).
Among the studies, the one by Xiang et al. (2003a) had the strongest design. This study
compared the intelligence of 512 children (ages 8-13) living in two villages with different
fluoride concentrations in the water. The IQ test was administered in a double-blind manner.
The high-fluoride area (Wamiao) had a mean water concentration of 2.47 ± 0.79 mg/L (range
0.57-4.50 mg/L), and the low-fluoride area (Xinhuai) had a mean water concentration of 0.36 ±
0.15 mg/L (range 0.18-0.76 mg/L). The populations studied had comparable iodine and
creatinine concentrations, family incomes, family educational levels, and other factors. The
populations were not exposed to other significant sources of fluoride, such as smoke from coal
fires, industrial pollution, or consumption of brick tea. Thus, the difference in fluoride exposure
was attributed to the amount in the drinking water. Mean urinary fluoride1 concentrations were
found to be 3.47 ± 1.95 mg/L in Wamiao and 1.11 ± 0.39 mg/L in Xinhuai. Using the combined
Raven’s Test for Rural China, the average intelligence quotient (IQ) of the children in Wamiao
was found to be significantly lower (92.2 ± 13.00; range, 54-126) than that in Xinhuai (100.41 ±
13.21; range, 60-128).
1

In the following sections of the chapter, the word “fluoride” is used frequently to indicate what is being measured
in blood or urine of people or animals after some treatment with a fluoride. According to medical dictionaries, the
word fluoride refers to any binary compound containing fluorine. In many studies, the amount of fluoride reported
in urine, blood, or tissue of subjects is the amount of fluorine in the specimen(s). The measurements are frequently
referred to as the amount of fluoride present. Furthermore, it is virtually impossible to distinguish between the
species of fluoride measured.
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The IQ scores in both males and females declined with increasing fluoride exposure. The
distribution of IQ scores from the females in the two villages is shown in Figure 7-1. A
comparable illustration of the IQ scores of males is shown in Figure 7-2. The number of children
in Wamiao with scores in the higher IQ ranges was less than that in Xinhuai. There were
corresponding increases in the number of children in the lower IQ range. Modal scores of the IQ
distributions in the two villages were approximately the same. A follow-up study to determine
whether the lower IQ scores of the children in Wamiao might be related to differences in lead
exposure disclosed no significant difference in blood lead concentrations in the two groups of
children (Xiang et al. 2003b).
A study conducted by Lu et al. (2000) in a different area of China also compared the IQs
of 118 children (ages 10-12) living in two areas with different fluoride concentrations in the
water (3.15 ± 0.61 mg/L in one area and 0.37 ± 0.04 mg/L in the other). The children were
lifelong residents of the villages and had similar social and educational levels. Urinary fluoride
concentrations were measured at 4.99 ± 2.57 mg/L in the high-fluoride area and 1.43 ± 0.64
mg/L in the low-fluoride area. IQ measurements using the Chinese Combined Raven’s Test,
Copyright 2 (see Wang and Qian 1989), showed significantly lower mean IQ scores among
children in the high-fluoride area (92.27 ± 20.45) than in children in the low-fluoride area
(103.05 ± 13.86). Of special importance, 21.6% of the children in the high-fluoride village
scored 70 or below on the IQ scale. For the children in the low-fluoride village, only 3.4% had
such low scores. Urinary fluoride concentrations were inversely correlated with mental
performance in the IQ test. Qin and Cui (1990) observed similar negative correlation between
IQ and fluoride intake through drinking water.

Comparison of Females
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FIGURE 7-1 Distribution of IQ scores from females in Wamiao and Xinuai (data from Xiang et
al. 2003a).
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Comparison of Males
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FIGURE 7-2 Distribution of IQ scores from males in Wiamiao and Xinuai (data from Xiang et
al. 2003a).
Zhao et al. (1996) also compared the IQs of 160 children (ages 7-14) living in a highfluoride area (average concentration of 4.12 mg/L) with those of children living in a low-fluoride
area (average concentration 0.91 mg/L). Using the Rui Wen Test, the investigators found that
the average IQ of children in the high-fluoride area (97.69) was significantly lower than that of
children in the low-fluoride area (105.21). No sex differences were found, but, not surprisingly,
IQ scores were found to be related to parents’ education. The investigators also reported that
enamel fluorosis was present in 86% of the children in the high-exposure group and in 14% of
the children in the low-exposure group and that skeletal fluorosis was found only in the highexposure group at 9%.
Another Chinese study evaluated fluoride exposure due to inhalation of soot and smoke
from domestic coal fires used for cooking, heating, and drying grain (Li et al. 1995). Many of
the children exhibited moderate to severe enamel fluorosis. The average IQ of 900 children
(ages 8-13) from an area with severe enamel fluorosis was 9-15 points lower than the average IQ
of children from an area with low or no dental fluorosis. Urinary fluoride concentrations were
found to be inversely correlated with IQ, as measured by the China Rui Wen Scale for Rural
Areas, and were monotonically related to the degree of dental fluorosis. Studies based on
fluoride exposure from the inhalation of smoke from coal fires are difficult to interpret because
of exposure to many other contaminants in smoke.
The significance of these Chinese studies is uncertain. Most of the papers were brief
reports and omitted important procedural details. For example, some studies used a modification
of the Raven Progressive Matrix test but did not specify what the modifications were or describe
how the test was administered. Most of the studies did not indicate whether the IQ tests were
administered in a blinded manner. Some of the effects noted in the studies could have been due
to stress induced by the testing conditions. Without detailed information about the testing
conditions and the tests themselves, the committee was unable to assess the strength of the
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studies. Despite this, the consistency of the collective results warrants additional research on the
effects of fluoride on intelligence in populations that share similar languages, backgrounds,
socioeconomic levels, and other commonalities.
It should be noted that many factors outside of native intelligence influence performance
on IQ tests. One factor that might be of relevance to fluoride is impairment of thyroid gland
function (see Chapter 8). For example, hypothyroidism produces tiredness, depression,
difficulties in concentration, memory impairments, and impaired hearing. In addition, there is
some evidence that impaired thyroid function in pregnant women can lead to children with lower
IQ scores (Klein et al. 2001).
Mental and Physiological Changes
There are numerous reports of mental and physiological changes after exposure to
fluoride from various routes (air, food, and water) and for various time periods (Waldbott et al.
1978). A number of the reports are, in fact, experimental studies of one or more individuals who
underwent withdrawal from their source of fluoride exposure and subsequent re-exposures under
“blind” conditions. In most cases, the symptoms disappeared with the elimination of exposure to
fluoride and returned when exposure was reinstated. In some instances, when the fluoride was
given in water, this procedure was repeated several times under conditions in which neither the
patient nor the provider of the fluoride knew whether the water contained fluoride. Also reported
are instances when fluoride-produced symptoms occurred when people moved into a community
with fluoridated water but disappeared when the individuals moved to a non-fluoridated
community.
Spittle (1994) reviewed surveys and case reports of individuals exposed occupationally or
therapeutically to fluoride and concluded there was suggestive evidence that fluoride could be
associated with cerebral impairment. A synopsis of 12 case reports of fluoride-exposed people
of all ages showed common sequelae of lethargy, weakness, and impaired ability to concentrate
regardless of the route of exposure. In half the cases, memory problems were also reported.
Spittle (1994) described several of the biochemical changes in enzymatic systems that could
account for some of the psychological changes found in patients. He suggested that behavioral
alterations found after excessive exposure could be due to the disruption of the N-H bonds in
amines, and subsequently in proteins, by the production of N-F bonds (Emsley et al. 1981). This
unnatural bond would distort the structure of a number of proteins with the collective potential to
cause important biological effects. Fluorides also distort the structure of cytochrome-c
peroxidase (Edwards et al. 1984). Spittle also noted the likelihood of fluoride interfering with
the basic cellular energy sources used by the brain through the formation of aluminum fluorides
(Jope 1988) and subsequent effects on G proteins.
Effects of Silicofluorides
It has been suggested that the silicofluorides used to fluoridate drinking water behave
differently in water than other fluoride salts (see Chapter 2 for further discussion) and produce
different biological effects. For example, adding sodium silicofluoride (Na2SiF6) or fluorosilicic
acid (H2SiF6) to drinking water has been reported to increase the accumulation of the
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neurotoxicant lead in the body (Masters and Coplan 1999; Masters et al. 2000). This association
was first attributed to increased uptake of lead (from whatever source) caused by fluoride.
However, enhanced lead concentrations were found only when the water treatments were made
with a fluorosilicate and in children already in a high-lead exposure group.
Urbansky and Schock (undated, 2000) took exception to almost all aspects of the studies
by Masters and Coplan on the fluorosilicates. They argued that, under the conditions prevailing
at the time of the addition of silicofluorides to drinking water, silicofluorides would be
completely hydrolyzed before they reached the consumer’s tap (Urbansky and Schock 2000).
Measurement techniques and statistical methods were also questioned. They concluded that
there is no “credible evidence” that water fluoridation has any quantifiable effect on the
solubility, bioavailability, or bioaccumulation of any form of lead.
Another issue that has been raised about differential effects of silicofluorides comes from
the dissertation of Westendorf (1975). In that study, silicofluorides were found to have greater
power to inhibit the synthesis of cholinesterases, including acetylcholinesterase, than sodium
fluoride (NaF). For example, under physiological conditions, one molar equivalent of
silicofluoride is more potent in inhibiting acetylcholinesterase than six molar equivalents of NaF
(Knappwost and Westendorf 1974). This could produce a situation in which acetylcholine
(ACh) accumulates in the vicinity of ACh terminals and leads to excessive activation of
cholinergic receptors in the central and peripheral nervous system. At high concentrations,
agents with this capability are frequently used in insecticides and nerve gases. At intermediate
concentrations, choking sensations and blurred vision are often encountered. Modifications of
the effectiveness of the acetylcholinergic systems of the nervous system could account for the
fact that, even though native intelligence per se may not be altered by chronic ingestion of water
with fluoride ranging from 1.2 to 3 mg/L, reaction times and visuospatial abilities can be
impaired. These changes would act to reduce the tested IQ scores. Such non-cognitive
impairments in children were reported in a meeting abstract (Calderon et al. 2000), but a full
publication has not been issued. Extended reaction times have been associated with impaired
function of the prefrontal lobes, a behavioral change not directly tied to alterations in IQ
(Winterer and Goldman 2003). Because almost all IQ tests are “time-restricted,” slow reaction
times would impair measured performance.
An interesting set of calculations was made by Urbansky and Schock (undated)—namely,
compilation of the binding strengths of various elements with fluorine. They studied eight
different complexes. Aluminum and fluorine have the highest binding affinity. Fluorine also
forms complexes with other elements including sodium, iron, calcium, magnesium, copper, and
hydrogen. Associations with some of these other elements may have implications for some of
the neurotoxic effects noted after fluoride or SiF exposure.
Dementia
For more than 30 years it has been known that Alzheimer’s disease is associated with a
substantial decline in cerebral metabolism (Sokoloff 1966). This original observation has been
replicated many times since then. The decrease is reflected in the brain’s metabolic rate for
glucose, cerebral rate for oxygen, and cerebral blood flow. In terms of reduced cerebral blood
flow, the reduction found in Alzheimer’s patients is about three times greater than in patients
with multi-infarct dementia. As early as 1983, Foster et al. (1983) demonstrated a general decline
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in the rate of utilization of glucose with the marker F-2-fluorodeoxyglucose with a positronemission tomography scan. Recently, over and above the general decline in aerobic metabolism,
several patterns of enhanced decreases in energy utilization have been demonstrated. The
temporal, parietal, and frontal regions are areas with some of the greatest reductions (Weiner et
al. 1993; Starkstein et al. 1995). It is possible that the decline in glucose utilization is an early
sign of the onset of dementia (Johnson et al. 1988; Silverman and Small 2002). In addition there
is evidence from a number of sources that alterations induced by Alzheimer’s disease can be
observed in many body regions and in blood. This indicates that the disease has system-wide
effects in the body. One system particularly sensitive to carbohydrate utilization is the collection
of areas involved with the synthesis of ACh. The release of this transmitter is also negatively
affected by the interruption of aerobic metabolism and the effect can be noticed in the projection
fields of the cholinergic systems. Fluoride produces additional effects on the ACh systems of the
brain by its interference with acetylcholinesterase.
Most of the drugs used today to treat Alzheimer’s disease are agents that enhance the
effects of the remaining ACh system. Nevertheless, it must be remembered that one certain
characteristic of Alzheimer’s disease is a general reduction of aerobic metabolism in the brain.
This results in a reduction in energy available for neuronal and muscular activity.
Because of the great affinity between fluorine and aluminum, it is possible that the
greatest impairments of structure and function come about through the actions of charged and
uncharged AlF complexes (AlFx). In the late 1970s and through the early 1990s there was
considerable interest in the possibility that elemental aluminum was a major contributing factor
to the development of dementia of the Alzheimer’s variety as well as to other neurological
disorders. In a study of more than 3,500 French men and women above the age of 65 (Jacqmin
et al. 1994), a significant decrease in cognitive abilities was found when their drinking water
contained calcium, aluminum, and fluorine. Only aluminum showed any relation to cognitive
impairment and that depended on the pH of the drinking water being below 7.3. Curiously, at
higher pH values, a favorable effect on cognitive actions was found. In recent work with
animals, aluminum-induced behavioral changes similar to those found in human dementia, as
well as correlated histological changes in animals’ brains, were found (Miu et al. 2003). Active
research continues at the cellular level on the neural mechanisms disturbed by aluminum
(Becaria et al. 2003; Millan-Plano et al. 2003). On the epidemiological side there are
inconsistencies in the results of different studies. For example, a recent review concludes that
“the toxic effects of aluminum cannot be ruled out either, and thus exposure to aluminum should
be monitored and limited as far as possible” (Suay and Ballester 2002). In addition to a
depletion of acetylcholinesterase, fluoride produces alterations in phospholipid metabolism
and/or reductions in the biological energy available for normal brain functions (see section later
in this chapter on neurochemical effects). In addition, the possibility exists that chronic exposure
to AlFx can produce aluminum inclusions with blood vessels as well as in their intima and
adventitia. The aluminum deposits inside the vessels and those attached to the intima could
cause turbulence in the blood flow and reduced transfer of glucose and O2 to the intercellular
fluids. Finally histopathological changes similar to those traditionally associated with
Alzheimer’s disease in people have been seen in rats chronically exposed to AlF (Varner et al.
1998).
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ANIMAL STUDIES
Behavioral Changes
Studies of NaF
One of the most frequently cited and much discussed studies reporting a link between
fluoride and behavior is by Mullenix et al. (1995). The study involved administering NaF to rats
at different ages. Two groups of rats were exposed to NaF during gestation by subcutaneous
injections given to pregnant dams. Other groups of rats received NaF in water beginning at
weaning. Another set of rats was exposed to NaF in water in adulthood. Because of differences
in the treatment regimes, procedures involved with the transport of animals at different ages, and
other alterations in methods between the age groups, the data from the study are meaningful only
if they are considered separately.
In “experiment 1,” pregnant dams were subcutaneously injected with NaF at 0.13 mg/kg
either on gestational days 14-18 (one or two injections per day, for a total of nine injections) or
on days 17-19 (three injections per day). In “experiment 2,” NaF at 75, 100, 125, or 175 mg/L
was administered in the drinking water to rats at 21 days of age for 6-20 weeks. In “experiment
3,” 12-week-old rats were given NaF at 100 mg/L in drinking water for 5-6 weeks. Behavioral
tests were performed on prenatally treated and weanling rats at 9 weeks of age, and adult-treated
rats were tested at the end of their exposure period. Concentrations of fluoride in plasma in
seven brain regions were measured at the time of sacrifice.
To appreciate the data generated by the testing procedures, some details of the testing
methods and data analysis used in the Mullenix et al. study must be considered. The methods
used were ones developed earlier to quantify animal behavior by using computer-based methods
(Kernan et al. 1987, 1988: Kernan and Mullenix 1991). The basic procedures involved the
following: The animals are tested in pairs consisting of a treated and a control rat. They are
placed in a Plexiglas chamber divided in the middle by a Plexiglas wall to make two adjacent
testing chambers. This wall had several holes in it. Thus, each rat could see, hear, and smell its
pair-mate. The actual floor space available to each animal was approximately 10 in by 10 in.
The chamber was an unusual trapezoidal design with the walls slanting outward from the floor.
This shape was created to enhance the clarity of images of the rats recorded by two video
cameras. One camera was placed above the testing chambers and another was off to one side.
Both were aligned so as to encompass the testing areas of both animals. Sprague-Dawley albino
rats were used in the experiments and, to further enhance the pictures, the side away from the
horizontally placed camera was black. The floor was also black.
The two video cameras recorded the behavior of both animals simultaneously. The
cameras were programmed to take still photos of the animals every second for the 15-minute
testing period. Thus, the cameras sent 900 pictures of each animal during a single test period.
The computer was programmed to detect five bodily positions, eight “modifiers” (apparently this
term means an action with a presumptive goal), and several combinations of postures and
modifiers. In all, the computer could record more than 100 combinations of positions, modifiers,
and combinations of one or more of the measures indicating the “presumed intentions” of the
animals (e.g., groom/attention). For each of these postures or actions or combinations, the
number of times it was initiated, the total time spent doing it, and the distribution of the act
throughout the 15-minute period were calculated separately for each rat.
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In experiment 1, none of the rats treated on gestational days 14-18 showed any behavioral
differences from controls. However, among rats treated on gestation days 17-19, male rats were
reported to be more active than controls. The increase in activity was attributed to increased
instances of grooming and head turning and not enhanced locomotor movement. Plasma
concentrations of fluoride were comparable to those of the controls. Fluoride concentrations in
the brain were not measured in this group.
In experiment 2, high mortality was observed in the highest treatment group (175 mg/L),
and testing was discontinued at that concentration. Female rats exposed to NaF at 125 mg/L had
fewer instances of sitting, spent less time sitting, had fewer head turns, and had fewer clusters of
grooming bouts than controls. They also showed a reduction in the groom/attention composite
index. Females exposed to fluoride in drinking water at 100 mg/L for 6 weeks showed
behavioral changes related to grooming, including reduced grooming bouts, reductions in
persistent grooming periods, and the grooming/attention cluster. However, these effects were
not seen among the females treated for longer periods (20 weeks). Among male rats, changes in
behavior were observed only in the 125 mg/L group evaluated after 16 weeks of treatment.
Changes included less sitting, less head turning, more standing, and reductions in grooming
behavior. Standing and seeming attention postures were increased in these weanling-exposed
rats. Measurements of fluoride in plasma showed an increase in concentration after 6 weeks of
exposure to NaF at 100 mg/L in male and female rats. All seven areas of the brain analyzed
showed increased concentrations of fluoride. As noted in Chapter 3, the accuracy of these
measurements has been questioned (Whitford 1996), because other studies have shown that brain
fluoride concentrations are considerably lower than, but proportionate to, those in plasma
(Carlson et al. 1960; Whitford et al. 1979).
The computer program used in the behavior analyses also generated a statistic named
“RS” that combines all the detected alterations in every recognized mode or modified mode of
behavior. This overall index of change was reported as significant in females 6 weeks after the
start of NaF treatment at concentrations of 100 and 125 mg/L. The statistic was not changed in
males treated with NaF at a concentration of 125 mg/L for 11 weeks.
In experiment 3, only female rats showed behavioral changes compared with controls.
Changes included reductions in sitting and grooming. Plasma fluoride concentrations were
increased in males and females. Testing of fluoride concentrations in the brain found increased
concentrations in the medulla of both sexes and in the hippocampal region of females. As noted
above, the accuracy of these measurements has been questioned.
The results from these three experiments are difficult to interpret. One difficulty is
interpreting the computer-derived categorization of activity patterns compared with behavioral
descriptions commonly used by most animal researchers. For example, increased activity
usually refers to increased locomotor activity measured in relatively large open fields or mazes.
In the Mullenix et al. study, increased activity is characterized by head turning, grooming
behaviors, and sniffing and exploration of the corners of the box, which traditionally are not
characterized as part of locomotor activity. The small chambers in which the animals were
tested would have prevented much locomotor movement at all.
Another aspect of the study that is a modifying issue is the stress-related experience of
the rats before the experiments began. The transportation and associated handling of animals
over long distances are known stressors to rats and mice. For experiment 1, the pregnant rats
were shipped on day 6 of gestation and were housed singly thereafter. The rats used in
experiment 2 were shipped to the laboratory at 17 days of age, along with their dams. The adult
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rats of experiment 3 were shipped at 10 weeks of age. Because the animals were from the
Charles River Laboratories in Kingston, New York, the means of transportation to the laboratory
in Boston was likely by truck. The transportation of animals by land or air has been shown to
produce lasting effects on rodents (Isaacson et al. 2003). The histological effects of
transportation and relocation include neuronal losses and substantial instances of shrunken or
bloated cells, including some with condensed cytoplasmic inclusions. Other signs of stress and
neural insult can be seen, including the presence of reactive microglia throughout the brain.
These changes might well interact with later fluoride treatments. In essence, this means
comparisons between groups can be legitimately made within the several experiments but not
between them. Mullenix et al. (1995) interpreted their behavioral results to imply the
interruption of hippocampal dysfunction. Another plausible interpretation is that the behavioral
change might have involved alterations in the adrenal-pituitary axis (Gispen and Isaacson 1986).
The results of the Mullenix studies are difficult to compare with studies from other
laboratories. The apparatus used has a unique configuration, the chambers were small, and the
paired animals were in visual, olfactory, and auditory contact with each other. The data
generated are largely derived in idiosyncratic ways by the hardware and software of a relatively
complex computer program. From a practical standpoint, it would be extremely difficult for
other investigators to replicate the study. The committee is aware there has been debate about
the interpretation and significance of the findings of this study. For example, Ross and Daston
(1995) note that decreased grooming can be an indication of illness. Because of the high
concentrations of fluoride used in the study, it is possible that the animals had gastrointestinal or
renal disturbances (Whitford and Taves 1973; Pashley et al. 1984; also see Chapter 9). As
discussed above, the committee agrees there are difficulties with interpreting the results of the
study, but those difficulties do not warrant dismissal of the results. The study provided some
evidence that exposure to fluoride (prenatal, weaning, or in adulthood) might have affected the
behavior of rats, albeit almost always in a gender-specific fashion.
In a different type of study, Swiss albino mice were treated with NaF at 30, 60, and 120mg/L in water for 30 days and behavioral tests were performed daily 1 hour after treatment. The
testing included akinesia, catalepsy, swim endurance, and simple maze tests. Animals in the 120
mg/L group scored more poorly in all the tests. Histological changes observed in the brains of
these animals are discussed later in this chapter (Bhatnagar et al. 2002).
Paul et al. (1998) investigated the effects of NaF on the motor activity and coordination
of female Wistar rats. The rats were treated with NaF at 20 or 40 mg/kg/day by gastric
intubation for 2 months and were tested in an activity chamber and on a rota-rod apparatus. Only
female rats were used because of the high mortality rates among males in preliminary studies. In
both treatment groups, food intake and body weight gain were reduced in a dose-dependent
manner. A reduction in spontaneous motor activity was based on results from an apparatus that
recorded every type of movement, bodily adjustment, or twitch. This should not be confused
with increased activity as measured by locomotor movements in a large arena. In the rota-rod
motor coordination test, no significant changes were observed between the treated and control
rats. There was a dose-related decrease in cholinesterase in the blood but not in the brain.
Similar effects on motor activity have been observed in other studies in which rats were treated
with NaF at 500 mg/L in drinking water. Alterations of acetylcholinesterase concentrations were
found in the brain at this concentration (Ekambaram and Paul 2001, 2002).
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Studies of AlF3
Varner et al. (1994) studied the effects of chronic administration of aluminum fluoride
(AlF3), on the behavior of Long-Evans rats. AlF3 was administered in drinking water at
concentrations of 0.5, 5.0, or 50 mg/L. In terms of fluorine, these values translate into the
equivalent of 0.34, 3.4, and 34 mg/L. The animals were between 130 and 154 days old at the
beginning of the experiment and were maintained on this program for 45 weeks. In the animals
treated with AlF3 at 5 and 50 mg/L, no differences in behavior were found in activity in an open
field, in patterns of stride when walking, in spontaneous alternation of arms in a T-maze, in a
motor coordination test, or in two tests of learning and memory in the Morris water maze. (Rats
in the 0.5-mg/L group were too few to provide meaningful results.) The only behavioral change
noted was a lack of preference of the location of a banana odor over the location of a lemon odor.
Control animals generally prefer the banana odor. This overall lack of behavioral effects
occurred in spite of extensive histological changes associated with neuronal damage and cell
death in the hippocampus and other parts of the forebrain.
Anatomy
The complete analyses of the changes found in the brains of rats given one of the three
doses of AlF3 used by Varner et al. (1994) were reported in a separate paper (Varner et al. 1993).
All groups of the AlF3-exposed rats had significant losses of cells in the CA1 and CA3 areas of
the hippocampus, but the losses were not dose dependent. Two types of cellular anomalies were
found in the treated animals: (1) argentophilic cells throughout the hippocampus and dentate
gyrus with considerable sparing of cells in the CA2 region; and (2) increased aluminum
fluorescence in most of the brain, especially in the inner and outer linings of a large number of
blood vessels, both large and small. Intravascular inclusions of aluminum particles were
sometimes noted within blood vessels. Cells containing aluminum inclusions were not
uncommon. This enhancement of aluminum deposits is not surprising because the amount of
aluminum found in the brain was almost double that found in control animals.
Varner et al (1998) undertook a second study to determine the relative contribution of
fluoride to the high mortality found in the 0.5-mg/L group of the earlier study, to extend the
histological procedures used to evaluate the brains, and to determine whether the high death rates
after this low dose would be found on replication. Three groups of nine adult rats were
administered AlF3 at 0.5 mg/L, NaF at 2.1 mg/L (containing the same amount of fluoride as the
AlF3 group), or double-distilled deionized water for 1 year. During that time six of nine animals
drinking the AlF3 water died, three of the nine animals drinking the NaF died, and one animal
from the control group died. Aluminum content in brain, kidney, and liver was measured by a
direct current plasma technique modified for use with tissues containing substantial fat. Brains
from both the NaF and the AlF3 groups had more than twice as much aluminum as the brains of
the control animals. This supports the work of Strunecka et al. (2002) indicating that fluoride
enhances the uptake of aluminum. But, the uptake was organ specific. There was no increase of
aluminum found in the kidneys or liver. Sections from the brains of all animals were processed
in a manner that allowed their staining with hematoxylin and eosin, the Morin stain for
aluminum (and counterstained with cresyl violet), and a modified Bielschowsky silver stain as
well as with antisera specific for IgM, β-amyloid, or amyloid A.
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There was a progressive decline in the appearance of the AlF3 treated rats compared with
the NaF or control animals before their demise. Their hair was sparse and their skin had a
copper color. Toenails and teeth indicated a condition reflecting a hypermelanosis. Body
weights, however, did not vary among the groups. Hemispheric differences in the brain were
found in the distribution of aluminum using the Morin staining ultraviolet microscopic
procedure. A greater amount of aluminum fluorescence was seen in layers 5 and 6 of the parietal
neocortex and hippocampus of the left relative to the right hemisphere in the AlF3-treated rats.
Areas CA3 and CA4 were the most affected regions of the hippocampus.
The occurrence of abnormal cells was also determined for all brains. Signs of neuronal
anomalies included chromatin clumping, enhanced protein staining, pyknosis, vacuolation,
ghost-like swollen appearances of cells, and enhanced silver staining in cell bodies and their
processes. Both NaF and AlF3 treatments produced cellular distortions in cortical layers 2 and 3
of both hemispheres, but enhanced cellular abnormalities in layers 5 and 6 were found only in
the left hemisphere. Both treatments also produced a diminished number of cells in the left CA3
region of the hippocampus but only the AlF3 treatment reduced cell numbers in this region of the
left hemisphere. These observations are similar to previous findings reported in the brains of
cats after intracerebroventricular administration of aluminum chloride (Crapper and Dalton
1973).
Both the AlF3 and the NaF treatments increased staining of neurons for IgM in the right
hemisphere. No differences were found among the groups in the presence of IgM on the left side
of the brain. Minor amounts of IgM were found in the hippocampus and dentate gyrus but
without any group differences. The control group had few instances of β-amyloid but the brains
of the AlF3-treated animals demonstrated a bimodal distribution of deposits in the vasculature of
the dorsal thalamus. Staining was either very high or nonexistent. The NaF-treated group
showed a similar bimodality of accumulation of β-amyloid in the right lateral posterior thalamic
region.
The pattern of neuronal degeneration found by Varner et al. (1998) was also found in two
other studies (Bhatnager et al. 2002; Shivarajashankara et al. 2002). In the study by Bhatnagar et
al. (2002) described earlier in this chapter, the investigators observed a significant number of
degenerated nerve cell bodies in hippocampal subregions CA3 and CA4 and in the dentate gyrus.
Shivarajashankara et al. (2002) exposed Wistar rats to NaF in utero during the last week of
gestation and for 10 weeks after birth. Animals received either 30 or 100 mg/L in their drinking
water. At the end of the 10 weeks the animals were sacrificed and their brains were sectioned
and stained with cresyl violet. Little change was seen in the 30-mg/L treated animals but the
brains of the 100-mg/L treated animals showed large amounts of neurodegeneration. There were
only a few normal appearing pyramidal cells in regions CA1 and CA3 of the hippocampus.
Almost all the cells in these areas were pyknotic and showed intensely stained protein in their
shrunken cytoplasm. Neuronal degeneration, but to a lesser degree, was found in the upper
layers of neocortex, the amygdala, and the cerebellum. These areas were not extensively studied
by Varner et al. (1998).
The interactions between fluoride and aluminum have been studied in laboratories and in
the environment. There is evidence that fluoride enhances the uptake of aluminum and that
aluminum reduces the uptake of fluoride (Spencer et al. 1980, Ahn et al. 1995). This
complicates predicting the effect of exposure to aluminum- or fluorine-containing complexes in
natural situations.
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NEUROCHEMICAL EFFECTS AND MECHANISMS
A number of studies have examined biochemical changes in the brain associated with
fluoride. For example, Guan et al. (1998) reported alterations in the phospholipid content of the
brain of rats exposed to NaF at 30 or 100 mg/L for 3-7 months. The most prominent changes
were found in phosphatidylethanolamine, phosphatidylcholine, and phosphatidylserine. After 7
months of treatment, ubiquinone was clearly elevated, likely due as a compensatory reaction to
the increase in free radicals in the brain. Fluoride has been shown to decrease the activities of
superoxide dismutase (Guan et al. 1989) and glutathione peroxidase (Rice-Evans and Hoschstein
1981), the consequences being increased free radicals.
NaF injected subcutaneously into rabbits altered brain lipid metabolism (Shashi 1992b)
and concentrations of protein, free amino acid, and RNA in the brain (Shashi et al. 1994).
Using slices of rat neocortex, Jope (1988) found that NaF stimulated the hydrolysis of
phosphoinositide by activation of a G protein, Gp. This protein acts as a transducer between
receptors and phospholipase C. He also found that a metal chelator added to the preparation
eliminated this effect. This information and other observations led to the conclusion that the
effective agent in the hydrolysis was an AlFx complex. Under his experimental conditions, the
AlF4 was most likely formed from trace amounts of aluminum derived from the glass or from a
fluorine-containing contaminant in a reagent. The addition of increasing amounts of aluminum
did not increase the hydrolysis effect. In fact, adding substantial amounts of aluminum inhibited
it. As in several types of experiment, it is the low aluminum fluoride concentrations that produce
the greatest biochemical or physiological effects. In this regard, it is important to note that, even
if aluminum bioavailability is low in rats and in other laboratory species, only a small amount is
needed to produce untoward effects (Yokel et al. 2001).
Many of the untoward effects of fluoride are due to the formation of AlFx complexes.
AlFx and BeFx complexes are small inorganic molecules that mimic the chemical structure of a
phosphate. As such they influence the activity of phosphohydrolases and phospholipase D.
Only micromolar concentrations of aluminum are needed to form AlFx (Sternweis and Gilman
1982). The G protein effects produced by AlFx are not limited to enzymes that bind phosphates
or nucleoside-polyphosphate (Chabre 1990). AlFx also impairs the polymerizationdepolarization cycle of tubulin. This could account for some of the intensely stained
neurofilaments in cells in the brains of animals exposed to chronic NaF (Varner et al. 1993,
1998). AlFx appears to bind to enzyme-bound GDP or ADP, thus imitating GTP or ATP and, in
a sense, generating “false messages” within the brain. This binding ability is probably due to the
molecular similarities between AlF3(OH) and a phosphate group in the molecular structure, in
particular, a tetrahedral arrangement (Strunecka and Patocka 2002).
G protein-coupled receptors mediate the release of many neural transmitters including the
catecholamines, serotonin, ACh, and the excitatory amino acids. They also are involved in
regulating glucagons, vasopressin, neuropeptides, endogenous opioids, prostaglandins, and other
important systemic influences on brain and behavior. AlFx is also involved in regulating the
pineal melatonin system as well as the thyroid-stimulating hormone-growth hormone connection.
It has been said in this regard “every molecule of AlFx is the messenger of false information”
(Strunecka and Patocka 2002, p. 275). This may be an accurate synopsis of the AlFx effect at a
single synapse, but the brain is a highly redundant and dispersed communication system
containing millions of synapses. Because of this, observable alterations in mental or motor
actions might require the formation of a multitude of false messages in a number of brain circuits
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acting over a prolonged period of time. Thus, the number of false messages required to disrupt
an “action pattern” in the brain probably will vary according to the nature of the ongoing
activities.
An especially important neurochemical transmitter that reaches almost all areas of the
brain is ACh. As discussed above, some studies show that NaF and SiF inhibit cholinesterases,
including acetylcholinesterase. The progressive accumulation of ACh at synaptic locations
produced by the diminished esterase activity leads to a number of complex effects that can be
summarized as an initial increase in stimulation of the target cells but ultimately leads to
diminished stimulation—even a blockade of all activity. This earlier dialogue properly
emphasized the behavioral importance of cholinergic activity in the brain and body more
generally.
Long et al. (2002) reported changes in the number of acetylcholine receptors (nAChRs)
in the rat brain due to fluoride. Rats were administered NaF in drinking water at 30 or 100-mg/L
for 7 months. Decreased numbers of nAChRα7 subunits were found in the brains of rats from
both treatment groups, but only the brains of the 100-mg/L group had diminished nAChRα4
subunits of this receptor. These results are of interest because changes in the nicotinic receptors
have been related to the development of Alzheimer’s disease (Lindstrom 1997; Newhouse et al.
1997) and, in frontal brain areas, to schizophrenia (Guan et al. 1999).
FINDINGS
Human Cognitive Abilities
In assessing the potential health effects of fluoride between 2-4 mg/L, the committee
found three studies of human populations exposed at those concentrations in drinking water that
were useful for informing its assessment of potential neurologic effects. These studies were
conducted in different areas of China, where fluoride concentrations ranged from 2.5-4 mg/L.
Comparisons were made between the IQs of children from those populations with children
exposed to lower concentration of fluoride ranging from 0.4-1 mg/L. The studies reported that
while modal IQ scores were unchanged, the average IQ scores were lower in the more highly
exposed children. This was due to fewer children in the high IQ range. While the studies lacked
sufficient detail for the committee to fully assess their quality and their relevance to U.S.
populations, the consistency of the collective results warrant additional research on the effects of
fluoride on intelligence. Investigation of other mental and physiological alterations reported in
the case study literature, including mental confusion and lethargy, should also be investigated.
Behavioral Effects on Animals
A few animal studies have reported alternations in the behavior of rodents after treatment
with fluoride. However, the observed changes were not striking in magnitude and could have
been due to alterations in hormonal or peptide activity. Animal studies to date have used
conventional methodologies to measure learning and memory abilities or species typical
behaviors in novel locations. The tasks used to measure learning and memory did not require
any significant mental effort. No studies were available on higher order mental functions, altered
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reactions to stress, responses to disease states, or supplemental reactions to known neurotoxins.
Procedures are available that could test for cognitive functions, but they are labor intensive and
have seldom been used in the past 60 years. One example is the reasoning test designed by
Maier (1929), who found that even a small lesion of the neocortex impaired performance on the
reasoning test (Maier 1932). A more recent example is the delayed matching to position test
with different outcomes (Savage 2001), which have shown that damage to the hippocampus can
affect learning.
Fluorosilicates
As noted in Chapter 2, exposure to fluorosilicates could occur under some conditions.
There are reports that such chemicals enhance the uptake of lead into the body and brain,
whereas NaF does not. Further research is needed to elucidate how fluorosilicates might have
different biological effects from fluoride salts.
Neurochemical and Biochemical Changes
Lipids and phospholipids, phosphohydrolases and phospholipase D, and protein content
have been shown to be reduced in the brains of laboratory animals subsequent to fluoride
exposure. The greatest changes were found in phosphatidylethanolamine, phosphotidylcholine,
and phosphotidylserine. Fluorides also inhibit the activity of cholinesterases, including
acetylcholinesterase. Recently, the number of receptors for acetylcholine has been found to be
reduced in regions of the brain thought to be most important for mental stability and for adequate
retrieval of memories.
It appears that many of fluoride’s effects, and those of the aluminofluoride complexes are
mediated by activation of Gp, a protein of the G family. G proteins mediate the release of many
of the best known transmitters of the central nervous system. Not only do fluorides affect
transmitter concentrations and functions but also are involved in the regulation of glucagons,
prostaglandins, and a number of central nervous system peptides, including vasopressin,
endogenous opioids, and other hypothalamic peptides. The AlFx binds to GDP and ADP altering
their ability to form the triphosphate molecule essential for providing energies to cells in the
brain. Thus, AlFx not only provides false messages throughout the nervous system but, at the
same time, diminishes the energy essential to brain function.
Fluorides also increase the production of free radicals in the brain through several
different biological pathways. These changes have a bearing on the possibility that fluorides act
to increase the risk of developing Alzheimer’s disease. Today, the disruption of aerobic
metabolism in the brain, a reduction of effectiveness of acetylcholine as a transmitter, and an
increase in free radicals are thought to be causative factors for this disease. More research is
needed to clarify fluoride’s biochemical effects on the brain.
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Anatomical Changes in the Brain
Studies of rats exposed to NaF or AlF3 have reported distortion in cells in the outer and
inner layers of the neocortex. Neuronal deformations were also found in the hippocampus and to
a smaller extent in the amygdala and the cerebellum. Aluminum was detected in neurons and
glia, as well as in the lining and in the lumen of blood vessels in the brain and kidney. The
substantial enhancement of reactive microglia, the presence of stained intracellular
neurofilaments, and the presence of IgM observed in rodents are related to signs of dementia in
humans. The magnitude of the changes was large and consistent among the studies. Given this,
the committee concludes further research is warranted in this area, similar to that discussed at a
February 2-3,1999, EPA workshop on aluminum complexes and neurotoxicity and that
recommended for study by NTP (2002).
RECOMMENDATIONS
On the basis of information largely derived from histological, chemical, and molecular
studies, it is apparent that fluorides have the ability to interfere with the functions of the brain
and the body by direct and indirect means. To determine the possible adverse effects of fluoride,
additional data from both the experimental and the clinical sciences are needed.
• The possibility has been raised by the studies conducted in China that fluoride can
lower intellectual abilities. Thus, studies of populations exposed to different concentrations of
fluoride in drinking water should include measurements of reasoning ability, problem solving,
IQ, and short- and long-term memory. Care should be taken to ensure that proper testing
methods are used, that all sources of exposure to fluoride are assessed, and that comparison
populations have similar cultures and socioeconomic status.
• Studies of populations exposed to different concentrations of fluoride should be
undertaken to evaluate neurochemical changes that may be associated with dementia.
Consideration should be given to assessing effects from chronic exposure, effects that might be
delayed or occur late-in-life, and individual susceptibility (see Chapter 2 and 3 for discussion of
subpopulations that might be more susceptible to the effects of fluoride from exposure and
physiologic standpoints, respectively).
• Additional animal studies designed to evaluate reasoning are needed. These studies
must be carefully designed to measure cognitive skills beyond rote learning or the acquisition of
simple associations, and test environmentally relevant doses of fluoride.
• At the present time, questions about the effects of the many histological, biochemical,
and molecular changes caused by fluorides cannot be related to specific alterations in behavior or
to known diseases. Additional studies of the relationship of the changes in the brain as they
affect the hormonal and neuropeptide status of the body are needed. Such relationships should
be studied in greater detail and under different environmental conditions.
• Most of the studies dealing with neural and behavioral responses have tested NaF. It is
important to determine whether other forms of fluoride (e.g., silicofluorides) produce the same
effects in animal models.

8
Effects on the Endocrine System

The endocrine system, apart from reproductive aspects, was not considered in detail in
recent major reviews of the health effects of fluoride (PHS 1991; NRC 1993; Locker 1999;
McDonagh et al. 2000a; WHO 2002; ATSDR 2003). Both the Public Health Service (PHS
1991) and the World Health Organization (WHO 2002) mentioned secondary
hyperparathyroidism in connection with discussions of skeletal fluorosis, but neither report
examined endocrine effects any further. The Agency for Toxic Substances and Disease Registry
(ATSDR 2003) discussed four papers on thyroid effects and two papers on parathyroid effects
and concluded that “there are some data to suggest that fluoride does adversely affect some
endocrine glands.” McDonagh et al. (2000a) reviewed a number of human studies of fluoride
effects, including three that dealt with goiter and one that dealt with age at menarche. The
following section reviews material on the effects of fluoride on the endocrine system—in
particular, the thyroid (both follicular cells and parafollicular cells), parathyroid, and pineal
glands. Each of these sections has its own discussion section. Detailed information about study
designs, exposure conditions, and results is provided in Appendix E.
THYROID FOLLICULAR CELLS
The follicular cells of the thyroid gland produce the classic thyroid hormones thyroxine
(T4) and triiodothyronine (T3); these hormones modulate a variety of physiological processes,
including but not limited to normal growth and development (Larsen et al. 2002; Larsen and
Davies 2002; Goodman 2003). Between 4% and 5% of the U.S. population may be affected by
deranged thyroid function (Goodman 2003), making it among the most prevalent of endocrine
diseases (Larsen et al. 2002). The prevalence of subclinical thyroid dysfunction in various
populations is 1.3-17.5% for subclinical hypothyroidism and 0.6-16% for subclinical
hyperthyroidism; the reported rates depend on age, sex, iodine intake, sensitivity of
measurements, and definition used (Biondi et al. 2002). Normal thyroid function requires
sufficient intake of iodine (at least 100 micrograms/day [µg/d]), and areas of endemic iodine
deficiency are associated with disorders such as endemic goiter and cretinism (Larsen et al.
2002; Larsen and Davies 2002; Goodman 2003). Iodine intake in the United States (where
iodine is added to table salt) is decreasing (CDC 2002d; Larsen et al. 2002), and an estimated
12% of the population has low concentrations of urinary iodine (Larsen et al. 2002).
The principal regulator of thyroid function is the pituitary hormone thyroid-stimulating
hormone (TSH), which in turn is controlled by positive input from the hypothalamic hormone
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thyrotropin-releasing hormone (TRH) and by negative input from T4 and T3. TSH binds to Gprotein-coupled receptors in the surface membranes of thyroid follicular cells (Goodman 2003),
which leads to increases in both the cyclic adenosine monophosphate (cAMP) and
diacylglycerol/inositol trisphosphate second messenger pathways (Goodman 2003). T3, rather
than T4, probably is responsible for the feedback response for TSH production (Schneider et al.
2001). Some T3, the active form of thyroid hormone, is secreted directly by the thyroid along
with T4, but most T3 is produced from T4 by one of two deiodinases (Types I and II1) in the
peripheral tissue (Schneider et al. 2001; Larsen et al. 2002; Goodman 2003). T3 enters the
nucleus of the target cells and binds to specific receptors, which activate specific genes.
Background
An effect of fluoride exposure on the thyroid was first reported approximately 150 years
ago (Maumené 1854, 1866; as cited in various reports). In 1923, the director of the Idaho Public
Health Service, in a letter to the Surgeon General, reported enlarged thyroids in many children
between the ages of 12 and 15 using city water in the village of Oakley, Idaho (Almond 1923); in
addition, the children using city water had severe enamel deficiencies in their permanent teeth.
The dental problems were eventually attributed to the presence in the city water of 6 mg/L
fluoride, and children born after a change in water supply (to water with < 0.5 mg/L fluoride)
were not so affected (McKay 1933); however, there seems to have been no further report on
thyroid conditions in the village.
More recently, Demole (1970) argued that a specific toxicity of fluoride for the thyroid
gland does not exist, because (1) fluoride does not accumulate in the thyroid; (2) fluoride does
not affect the uptake of iodine by thyroid tissue; (3) pathologic changes in the thyroid show no
increased frequency in regions where water is fluoridated (naturally or artificially); (4)
administration of fluoride does not interfere with the prophylactic action of iodine on endemic
goiter; and (5) the beneficial effect of iodine in threshold dosage to experimental animals is not
inhibited by administration of fluoride, even in excessive amounts. Bürgi et al. (1984) also
stated that fluoride does not potentiate the consequences of iodine deficiency in populations with
a borderline or low iodine intake and that published data fail to support the hypothesis that
fluoride has adverse effects on the thyroid (at doses recommended for caries prevention).
McLaren (1976), however, pointed out the complexity of the system, the difficulties in making
adequate comparisons of the various studies of fluoride and the thyroid, and evidence for
fluoride accumulation in the thyroid and morphological and functional changes (e.g., changes in
activity of adenylyl cyclase), suggesting that analytical methods could have limited the
definitiveness of the data to date. His review suggested that physiological or functional changes
might occur at fluoride intakes of 5 mg/day.
Although fluoride does not accumulate significantly in most soft tissue (as compared to
bones and teeth), several older studies found that fluoride concentrations in thyroid tissue
generally exceed those in most other tissue except kidney (e.g., Chang et al. 1934; Hein et al.
1954, 1956); more recent information with improved analytic methods for fluoride was not
located. Several studies have reported no effect of fluoride treatment on thyroid weight or
morphology (Gedalia et al. 1960; Stolc and Podoba 1960; Saka et al. 1965; Bobek et al. 1976;
1

Type I deiodinase, along with Type III, is also responsible for deactivating T4 and T3 by removing the iodine atoms
(Schneider et al. 2001; Larsen et al. 2002; Goodman 2003).
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Hara 1980), while others have reported such morphological changes as mild atrophy of the
follicular epithelium (Ogilvie 1953), distended endoplasmic reticulum in follicular cells
(Sundström 1971), and “morphological changes suggesting hormonal hypofunction” (Jonderko
et al. 1983).
Fluoride was once thought to compete with iodide for transport into the thyroid, but
several studies have demonstrated that this does not occur (Harris and Hayes 1955; Levi and
Silberstein 1955; Anbar et al. 1959; Saka et al. 1965). The iodide transporter accepts other
negatively charged ions besides iodide (e.g., perchlorate), but they are about the same size as
iodide (Anbar et al. 1959); fluoride ion is considerably smaller and does not appear to displace
iodide in the transporter.
Animal Studies
A number of studies have examined the effects of fluoride on thyroid function in
experimental animals or livestock (for details, see Appendix E, Tables E-1, E-2, and E-3). Of
these, the most informative are those that have considered both the fluoride and iodine intakes.
Guan et al. (1988) found that a fluoride intake of 10 mg/L in drinking water had little
apparent effect on Wistar rats with sufficient iodine intake, but a fluoride intake of 30 mg/L in
drinking water resulted in significant decreases in thyroid function (decreases in T4, T3, thyroid
peroxidase, and 3H-leucine), as well as a decrease in thyroid weight and effects on thyroid
morphology (Table E-2). In iodine-deficient rats, fluoride intake of 10 mg/L in drinking water
produced abnormalities in thyroid function beyond that attributable to low iodine, including
decreased thyroid peroxidase, and low T4 without compensatory transformation of T4 to T3.
Zhao et al. (1998), using male Kunmin mice, found that both iodine-deficient and iodineexcess conditions produced goiters, but, under iodine-deficient conditions, the goiter incidence at
100 days increased with increased intake of fluoride. At 100 days, the high-fluoride groups had
elevated serum T4 at all concentrations of iodine intake and elevated T3 in iodine-deficient
animals. High fluoride intake significantly inhibited the radioiodine uptake in the low- and
normal-iodine groups.
Stolc and Podoba (1960) found a decrease in protein-bound iodine in blood in fluoridetreated female rats (3-4 mg/kg/day) fed a low-iodine diet but not in corresponding rats fed a
larger amount of iodine. Both groups (low- and high-iodine) of fluoride-treated rats showed a
reduced rate of biogenesis of T3 and T4 after administration of 131I compared with controls
(Stolc and Podoba 1960).
Bobek et al. (1976) found decreases in plasma T4 and T3 as well as a decrease in free T4
index and an increase in T3-resin uptake in male rats given 0.1 or 1 mg of fluoride per day (0.40.6 or 4-6 mg/kg/day) in drinking water for 60 days2. The authors suggested the possibility of
decreased binding capabilities and altered thyroid hormone transport in blood.
Decreases in T4 and T3 concentrations have been reported in dairy cows at estimated
fluoride doses up to 0.7 mg/kg/day with possible iodine deficiency (Hillman et al. 1979; Table E3). Reduced T3 (Swarup et al. 1998) and reduced T3, T4, and protein-bound iodine (Cinar and
2

The decrease in T3 in the group receiving 0.1 mg/day was not statistically significant (Table E-1). Note that
ATSDR (2003) stated that an intermediate-duration minimal risk level (MRL) derived from this study of thyroid
effects in rats would have been lower (more protective) than the chronic-duration MRL derived from a human study
of bone effects (0.05 mg/kg/day).
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Selcuk 2005) have also been reported in cows diagnosed with chronic fluorosis in India and
Turkey, respectively.
Hara (1980) found elevated T3 and T4 at the lowest dose (approximately 0.1 mg/kg/day),
decreased T3 and normal T4 at intermediate doses (3-4 mg/kg/day), and decreased TSH and
growth hormone (indicating possible effects on pituitary function) at the highest doses (10-20
mg/kg/day). This was the only animal study of fluoride effects on thyroid function to measure
TSH concentrations; however, full details (e.g., iodine intake) are not available in English.
Other studies have shown no effect of fluoride on the end points examined (Gedalia et al.
1960; Siebenhüner et al. 1984; Clay and Suttie 1987; Choubisa 1999; Table E-1). Choubisa
(1999) looked only for clinical evidence of goiter in domestic animals (cattle and buffaloes)
showing signs of enamel or skeletal fluorosis; no hormone parameters (e.g., T4, T3, TSH) were
measured. Gedalia et al. (1960) also did not measure T4, T3, or TSH; radioiodine uptake,
protein-bound iodine, and total blood iodine were all normal in rats receiving fluoride doses up
to approximately 1 milligram per kilogram of body weight per day (mg/kg/day). Clay and Suttie
(1987) reported no significant differences from control values for T4 concentration and T3
uptake in heifers fed up to 1.4 mg/kg/day; iodine intake is not stated but probably was adequate,
and TSH was not measured.
Siebenhüner et al. (1984) carried out a special experiment involving iodine depletion of
the thyroid before 6 days of fluoride treatment. No effects were seen on the parameters
measured, including T3 and T4 concentrations; however, TSH was not measured. In addition,
propylthiouracil (PTU), the agent used to deplete the thyroid of iodine, also has an inhibitory
effect on deiodinases (Larsen et al. 2002; Larsen and Davies 2002); Siebenhüner et al. (1984) did
not mention this second action of PTU and its relevance to the interpretation of the experimental
results, and there was no control group without the PTU treatment.
Human Studies
Several authors have reported an association between endemic goiter and fluoride
exposure or enamel fluorosis in human populations in India (Wilson 1941; Siddiqui 1960; Desai
et al. 1993), Nepal (Day and Powell-Jackson 1972), England (Wilson 1941; Murray et al. 1948),
South Africa (Steyn 1948; Steyn et al. 1955; Jooste et al. 1999), and Kenya (Obel 1982).
Although endemic goiter is now generally attributed to iodine deficiency (Murray et al. 1948;
Obel 1982; Larsen et al. 2002; Belchetz and Hammond 2003), some of the goitrogenic areas
associated with fluoride exposure were not considered to be iodine deficient (Steyn 1948; Steyn
et al. 1955; Obel 1982; Jooste et al. 1999). Obel (1982) indicated that many cases of fluorosis in
Kenya occur concurrently with goiter. Several authors raise the possibility that the goitrous
effect, if not due to fluoride, is due to some other substance in the water (e.g., calcium or water
hardness) that was associated with the fluoride concentration (Murray et al. 1948; Day and
Powell-Jackson 1972) or that enhanced the effect of fluoride (Steyn 1948; Steyn et al. 1955).
Dietary selenium deficiencies (e.g., endemic in parts of China and Africa or due to proteinrestricted diets) can also affect normal thyroid function3 (Larsen et al. 2002); no information on
dietary selenium is available in any of the fluoride studies. Appendix E summarizes a number of
studies of the effects of fluoride on thyroid function in humans (see Table E-4).
3

All three deiodinases contain selenocysteine at the active sites and therefore have a minimum requirement for
selenium for normal function (Larsen et al. 2002).
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Three studies illustrated the range of results that have been reported: (1) Gedalia and
Brand (1963) found an association between endemic goiter in Israeli girls and iodine
concentrations in water but found no association with fluoride concentrations (<0.1-0.9 mg/L).
(2) Siddiqui (1960) found goiters only in persons aged 14-17 years; the goiters, which became
less visible or invisible after puberty, were associated with mean fluorine content of the water
(5.4-10.7 mg/L) and were inversely associated with mean iodine content of the water. (3) Desai
et al. (1993) found a positive correlation (P < 0.001) between prevalence of goiter (9.5-37.5%)
and enamel fluorosis (6.0-59.0%), but no correlation between prevalence of goiter and water
iodine concentration (P > 0.05).
Day and Powell Jackson (1972) surveyed 13 villages in Nepal where the water supply
was uniformly low in iodine (≤1 µg/L; see Figure 8-1). Here the goiter prevalence (5-69%, all
age groups) was directly associated with the fluoride concentration (<0.1 to 0.36 mg/L; P < 0.01)
or with hardness, calcium concentration, or magnesium concentration of the water (all P < 0.01).
Goiter prevalence of at least 20% was associated with all fluoride concentrations ≥ 0.19 mg/L,
suggesting that fluoride might influence the prevalence of goiter in an area where goiter is
endemic because of low iodine intake. The possibility of a nutritional component (undernutrition
or protein deficiency) to the development of goiter was also suggested.
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FIGURE 8-1 Goiter prevalence versus fluoride (left) and calcium (right) concentration in
drinking water for 13 villages in Nepal with very low iodine concentrations (Day and PowellJackson 1972).
Jooste et al. (1999) examined children (ages 6, 12, and 15) who had spent their entire
lives in one of six towns in South Africa where iodine concentrations in drinking water were
considered adequate [median urinary iodine concentration exceeding 201 µg/L (1.58 µmol/L);
see Appendix E, Tables E-4 and E-5; Figure 8-2]. For towns with low (0.3-0.5 mg/L) or near
“optimal” (0.9-1.1 mg/L) fluoride concentrations in water, no relationship between fluoride and
prevalence of mild goiter was found (5-18%); for the other two towns (1.7 and 2.6 mg/L
fluoride), however, goiter prevalences were 28% and 29%, respectively, and most children had
severe enamel mottling. These two towns (and one low-fluoride town) had very low proportions

194

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

30

Goiter prevalence (%)

y = 13.857 + 6.4028x R= 0.9593

25
20
15
10
5
0.0

Similar prevalence of undernutrition
Low prevalence of undernutrition

0.5

1.0

1.5

2.0

2.5

3.0

Fluoride in drinking water (mg/L)

FIGURE 8-2 Goiter prevalence versus drinking water fluoride concentrations in six South
African towns with adequate iodine concentrations (Jooste et al. 1999). One town had a
significantly lower prevalence of undernutrition than the other five towns and is not included in
the line fitting.
(0-2.2%) of children with iodine deficiency, defined as urinary iodine concentrations < 100 µg/L
(< 0.79 µmol/L). The town with the lowest prevalence of goiter also had the lowest prevalence
of undernutrition; the two towns with the highest prevalence of goiter (and highest fluoride
concentrations) did not differ greatly from the remaining three towns with respect to prevalence
of undernutrition. The authors suggested that fluoride or an associated goitrogen might be
responsible for the goiters seen in the two towns with the highest fluoride concentrations but that
some other factor(s) was involved in development of goiter in the other towns.
Several studies have compared various aspects of thyroid status in populations with
different fluoride intakes (for details, see Appendix E, Table E-4). Leone et al. (1964) and Baum
et al. (1981) reported no significant differences in thyroid status between populations with low
(0.09-0.2 mg/L) and high (3-3.5 mg/L) fluoride concentrations in the drinking water. Leone et
al. (1964) looked only at protein-bound iodine and physical examination of the thyroid in adults;
Baum et al. (1981) measured a number of parameters in teenagers, including T4, T3, and TSH.
Neither study reported iodine status of the groups. Baum et al. (1981) showed but did not
explain a decrease in thyroglobulin in girls in the high-fluoride group.
Bachinskii et al. (1985) examined 47 healthy persons, 43 persons with hyperthyroidism,
and 33 persons with hypothyroidism. Prolonged consumption of “high-fluoride” drinking water
(2.3 mg/L, as opposed to “normal” concentrations of 1 mg/L) by healthy persons was associated
with statistically significant changes in TSH concentrations (increased), T3 concentrations
(decreased), and uptake of radioiodine (increased), although the mean values for TSH and T3
were still within normal ranges (see Appendix E, Table E-6). The mean value of TSH for the
healthy group (4.3 ± 0.6 milliunits/L; Table E-6) is high enough that one expects a few
individuals to have been above the normal range (typically 0.5-5 milliunits/L; Larsen et al.
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2002). These results were interpreted as indicating disruption of iodine metabolism, stress in the
pituitary-thyroid system, and increased risk of developing thyroidopathy (Bachinskii et al. 1985).
Lin et al. (1991) examined 769 children (7-14 years old) for mental retardation in three
areas of China, including an area with “high” fluoride (0.88 mg/L) and low iodine, an area with
“normal” fluoride (0.34 mg/L) and low iodine, and an area where iodine supplementation was
routine (fluoride concentration not stated). Ten to twelve children in each area received detailed
examinations, including measuring thyroid 131I uptake and thyroid hormone concentrations.
Children in the first area had higher TSH, slightly higher 131I uptake, and lower mean IQ than
children in the second area. Children in the first area also had reduced T3 and elevated reverse
T3, compared with children in the second area. The authors suggested that high fluoride might
exacerbate the effects of iodine deficiency. In addition, the authors reported a difference in
T3/rT3 (T3/reverse-T3) ratios between high- and low-fluoride areas and suggested that excess
fluoride ion affects normal deiodination.
A recent study by Susheela et al. (2005) compared thyroid hormone status (free T4, free
T3, and TSH) of 90 children with enamel fluorosis (drinking water fluoride ranging from 1.114.3 mg/L) and 21 children without enamel fluorosis (0.14-0.81 mg/L fluoride in drinking water)
in areas where iodine supplementation was considered adequate4. Forty-nine children (54.4%) in
the sample group had “well-defined hormonal derangements”; findings were borderline in the
remaining 41 children. The types of hormonal derangements included elevated TSH and normal
T4 and T3 (subclinical hypothyroidism); low T3 and normal T4 and TSH (“low T3 syndrome”);
elevated T3 and TSH and normal T4 (possible T3 toxicosis); elevated TSH, low T4, and normal
T3 (usually indicative of primary hypothyroidism and iodine deficiency); and low T3, high TSH,
and normal T4. All but the first category are considered to be associated with or potentially
caused by abnormal activity of deiodinases. The authors concluded that fluoride in excess may
be inducing diseases that have usually been attributed to iodine deficiency and that iodine
supplementation may not be adequate when excess fluoride is being consumed.
Thyroid hormone disturbances were also noted in the control children, and urine and
fluoride concentrations in the control children reflect higher fluoride intake than can be
accounted for by the drinking water alone (Susheela et al. 2005). Thus, the authors recommend
that endpoints such as hormone concentrations should be examined with respect to serum or
urinary fluoride concentrations, not just drinking water fluoride concentrations. In addition, they
note that all hormone endpoints (T3, T4, and TSH) should be examined, lest some of the
abnormalities be missed.
Mikhailets et al. (1996) detected thyroid abnormalities (moderate reduction of iodine
uptake, low T3, normal T4, and increased TSH) in 165 aluminum workers with signs of chronic
fluorosis and an estimated average fluoride intake of 10 mg/working day. A tendency toward
increased TSH was observed with increased exposure time and with more severe fluorosis.
Workers with more than 10 years of service had a significant decrease in T3 concentration in
comparison to controls. The frequency of individuals with low concentrations of T3
(corresponding to hypothyroidism) was 65% among workers with more than 10 years of service
and 54% among workers with Stage 2 fluorosis. The highest frequency of occurrence of low T3
(76%) was observed in people with chronic fluoride intoxication including liver damage

4

The lower range of fluoride in drinking water in the fluorosis group is not much different from the higher range for
the controls; however, in India, fluoride concentrations below 1 mg/L in drinking water are considered “safe”
(Trivedi et al. 1993; Susheela et al., 2005) so the demarcation is at least a logical one.
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(moderate cytolysis), suggesting a disorder in peripheral conversion of T4 to T3 (deiodination).
The possibility of indirect effects of fluorine on enzymatic deiodination was also suggested.
Tokar’ et al. (1989) and Balabolkin et al. (1995) have also reported thyroid effects in
fluoride- or fluorine-exposed workers; full details of these studies are not available in English.
Balabolkin et al. (1995) found that 51% of the workers examined had subclinical hypothyroidism
with reduced T3.
No changes in thyroid function were detected in two studies of osteoporosis patients
treated with NaF for 6 months or several years (Eichner et al. 1981; Hasling et al. 1987; for
details, see Appendix E, Table E-7). These study populations are not necessarily representative
of the general population, especially with respect to age and the fact that they usually receive
calcium supplements. In an earlier clinical study to examine the reported effects of fluoride on
individuals with hyperthyroidism, Galletti and Joyet (1958) found that, in 6 of 15 patients, both
basal metabolic rate and protein-bound iodine fell to normal concentrations, and the symptoms of
hyperthyroidism were relieved after fluoride treatment. Fluoride was considered clinically
ineffective in the other 9 patients, although improvement in basal metabolic rate or proteinbound iodine was observed in some of them. In the 6 patients for whom fluoride was effective,
tachycardia and tremor disappeared within 4-8 weeks, and weight loss was stopped. The greatest
clinical improvement was observed in women between 40 and 60 years old with a moderate
degree of thyrotoxicosis; young patients with the classic symptoms of Graves’ disease did not
respond to fluoride therapy. Radioiodine uptake tests were performed on 10 of the patients, 7 of
whom showed an inhibitory effect on initial 131I uptake by the thyroid.
Discussion (Effects on Thyroid Function)
In studies of animals with dietary iodine sufficiency, effects on thyroid function were
seen at fluoride doses of 3-6 mg/kg/day (Stolc and Podoba 1960; Bobek et al. 1976; Guan et al.
1988; Zhao et al. 1998); in one study, effects were seen at doses as low as 0.4-0.6 mg/kg/day
(Bobek et al. 1976). In low-iodine situations, more severe effects on thyroid function were seen
at these doses (Stolc and Podoba 1960; Guan et al. 1988; Zhao et al. 1998). Effects on thyroid
function in low-iodine situations have also been noted at fluoride doses as low as 0.06 mg/kg/day
(Zhao et al. 1998), ≤0.7 mg/kg/day (Hillman et al. 1979), and 1 mg/kg/day (Guan et al. 1988).
Studies showing no effect of fluoride on thyroid function did not measure actual hormone
concentrations (Gedalia et al. 1960; Choubisa 1999), did not report iodine intakes (Gedalia et al.
1960; Clay and Suttie 1987; Choubisa 1999), used fluoride doses (<1.5 mg/kg/day) below those
(3-6 mg/kg/day) associated with effects in other studies (Gedalia et al. 1960; Clay and Suttie
1987), or did not discuss a possibly complicating factor of the experimental procedure used
(Siebenhüner et al. 1984). Only one animal study (Hara 1980) measured TSH concentrations,
although that is considered a “precise and specific barometer” of thyroid status in most situations
(Larsen et al. 2002). Full details of Hara’s report are not available in English.
Goiter prevalence of at least 20% has been reported in humans exposed to water fluoride
concentrations ≥ 0.2 mg/L (low-iodine situation; Day and Powell-Jackson 1972) or 1.5-3 mg/L
(undernutrition, but adequate iodine; Jooste et al. 1999); however, other causes of goiter have not
been ruled out. Bachinskii et al. (1985) showed increased TSH concentrations and reduced T3
concentrations in a population with a fluoride concentration of 2.3 mg/L in their drinking water
(in comparison to a group with 1.0 mg/L), and Lin et al. (1991) showed similar results for a
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population with 0.88 mg/L fluoride in the drinking water (in comparison to a group with 0.34
mg/L); another study showed no effect at 3 mg/L (Baum et al. 1981). Among children
considered to have adequate iodine supplementation, Susheela et al. (2005) found derangements
of thyroid hormones in 54% of children with enamel fluorosis (1.1-14.3 mg/L fluoride in
drinking water), and in 45-50% of “control” children without enamel fluorosis but with elevated
serum fluoride concentrations. Mikhailets et al. (1996) observed an increase in TSH in workers
with increased exposure time and with more severe fluorosis; low T3 was found in 65% of
workers with more than 10 years of service and in 54% of workers with Stage 2 fluorosis.
Several studies do not include measurements of T4, T3, or TSH (Siddiqui 1960; Gedalia and
Brand 1963; Leone et al. 1964; Day and Powell-Jackson 1972; Teotia et al. 1978; Desai et al.
1993; Jooste et al. 1999).
Nutritional information (especially the adequacy of iodine and selenium intake) is lacking
for many (iodine) or all (selenium) of the available studies on humans. As with the animal
studies, high fluoride intake appears to exacerbate the effects of low iodine concentrations (Day
and Powell-Jackson 1972; Lin et al. 1991). Uncertainty about total fluoride exposures based on
water fluoride concentrations, variability in exposures within population groups, and variability
in response among individuals generally have not been addressed. Although no thyroid effects
were reported in studies using controlled doses of fluoride for osteoporosis therapy, the study
populations are not necessarily representative of the general population with respect to age,
calcium intake, and the presence of metabolic bone disease.
Thus, several lines of information indicate an effect of fluoride exposure on thyroid
function. However, because of the complexity of interpretation of various parameters of thyroid
function (Larsen et al. 2002), the possibility of peripheral effects on thyroid function instead of
or in addition to direct effects on the thyroid, the absence of TSH measurements in most of the
animal studies, the difficulties of exposure estimation in human studies, and the lack of
information in most studies on nutritional factors (iodine, selenium) that are known to affect
thyroid function, it is difficult to predict exactly what effects on thyroid function are likely at
what concentration of fluoride exposure and under what circumstances.
Suggested mechanisms of action for the results reported to date include decreased
production of thyroid hormone, effects on thyroid hormone transport in blood, and effects on
peripheral conversion of T4 to T3 or on normal deiodination processes, but details remain
uncertain. Both peripheral conversion of T4 to T3 and normal deiodination (deactivation)
processes require the deiodinases (Types I and II for converting T4 to T3 and Types I and III for
deactivation; Schneider et al. 2001; Larsen et al. 2002; Goodman 2003). Several sets of reported
results are consistent with an inhibiting effect of fluoride on deiodinase activity; these effects
include decreased plasma T3 with normal or elevated T4 and TSH and normal T3 with elevated
T4 (Bachinskii et al. 1985; Guan et al. 1988; Lin et al. 1991; Balabolkin et al. 1995; Michael et
al. 1996; Mikhailets et al. 1996; Susheela et al. 2005). The antihyperthyroid effect that Galletti
and Joyet (1958) observed in some patients is also consistent with an inhibition of deiodinase
activity in those individuals.
The available studies have generally dealt with mean values of various parameters for the
study groups, rather than with indications of the clinical significance, such as the fraction of
individuals with a value (e.g., TSH concentration) outside the normal range or with clinical
thyroid disease. For example, in the two populations of asymptomatic individuals compared by
Bachinskii et al. (1985), the elevated mean TSH value in the higher-fluoride group is still within
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the normal range, but the number of individuals in that group with TSH values above the normal
range is not given.
In the absence of specific information in the reports, it cannot be assumed that all
individuals with elevated TSH or altered thyroid hormone concentrations were asymptomatic,
although many might have been. For asymptomatic individuals, the significance of elevated
point out that the population-derived reference standards (e.g., for T4 and TSH) reflect the mean
plus or minus two standard deviations, meaning that 5% of normal people have results outside a
given range. At the same time, healthy individuals might regulate plasma T4 within a “personal
band” that could be much more narrow than the reference range; this brings up the question of
whether a disorder shifting hormone values outside the personal band but within the population
reference range requires treatment (Davies and Larsen 2002; Belchetz and Hammond 2003). For
example, early hypothyroidism can present with symptoms and raised TSH but with T4
concentrations still within the reference range (Larsen et al. 2002; Belchetz and Hammond
2003).
Subclinical hypothyroidism is considered a strong risk factor for later development of
overt hypothyroidism (Weetman 1997; Helfand 2004). Biondi et al. (2002) associate subclinical
thyroid dysfunction (either hypo- or hyperthyroidism) with changes in cardiac function and
corresponding increased risks of heart disease. Subclinical hyperthyroidism can cause bone
demineralization, especially in postmenopausal women, while subclinical hypothyroidism is
associated with increased cholesterol concentrations, increased incidence of depression,
diminished response to standard psychiatric treatment, cognitive dysfunction, and, in pregnant
women, decreased IQ of their offspring (Gold et al. 1981; Brucker-Davis et al. 2001). Klein et
al. (2001) report an inverse correlation between severity of maternal hypothyroidism (subclinical
or asymptomatic) and the IQ of the offspring (see also Chapter 7).
A number of authors have reported delayed eruption of teeth, enamel defects, or both, in
cases of congenital or juvenile hypothyroidism (Hinrichs 1966; Silverman 1971; Biggerstaff and
Rose 1979; Noren and Alm 1983; Loevy et al. 1987; Bhat and Nelson 1989; Mg’ang’a and
Chindia 1990; Pirinen 1995; Larsen and Davies 2002; Hirayama et al. 2003; Ionescu et al. 2004).
No information was located on enamel defects or effects on eruption of teeth in children with
either mild or subclinical hypothyroidism. The possibility that either dental fluorosis (Chapter 4)
or the delayed tooth eruption noted with high fluoride intake (Chapter 4; see also Short 1944)
may be attributable at least in part to an effect of fluoride on thyroid function has not been
studied.
THYROID PARAFOLLICULAR CELLS
The parafollicular cells (C cells) of the thyroid produce a 32-amino acid peptide hormone
called calcitonin (Bringhurst et al. 2002; Goodman 2003). Calcitonin acts to lower blood
calcium and phosphate concentrations, primarily or exclusively by inhibiting osteoclastic (bone
resorption) activity. Calcitonin does not play a major role in calcium homeostasis in humans,
and its primary importance seems to be to protect against excessive bone resorption (Bringhurst
et al. 2002; Goodman 2003). At high concentrations, calcitonin can also increase urinary
excretion of calcium and phosphate, but these effects in humans are small and not
physiologically important for lowering blood calcium (Goodman 2003). Parafollicular cells
express the same G-protein-coupled, calcium-sensing receptors in their surface membranes as do
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the chief cells of the parathyroid glands, receptors that respond directly to ionized calcium in
blood; however, the secretory response of the parafollicular cells is opposite that of the
parathyroid chief cells (Bringhurst et al. 2002; Goodman 2003).
Animal Studies
Very few animal studies have examined the effects of fluoride exposure on parafollicular
cells or calcitonin secretion (see Appendix E, Table E-8). Sundström (1971) found no evidence
for short-term release of calcitonin in response to fluoride treatment in rats, in line with the view
that NaF administration to rats by lavage resulted in hyperparathyroidism, secondary to the
calcitonin-like (blood calcium-lowering) action of fluoride on bone tissue. Rantanen et al.
(1972) reported that fluoride exposure had a retarding effect on cortical bone remodeling in
female pigs and that an intact thyroid gland was necessary for this effect. Replacing thyroid
hormone (but not calcitonin) in thyroidectomized pigs eliminated the retarding effect of fluoride,
suggesting that the effect involved the formation, release, or enhanced action of calcitonin.
Human Studies
Teotia et al. (1978) found elevated calcitonin concentrations in seven patients with
skeletal fluorosis in a high-fluoride area and in one of two patients who had moved to lowfluoride areas and showed improvement in various parameters (see Appendix E, Tables E-9 and
E-10). Elevated calcitonin was found in all patients with an estimated fluoride intake of at least
9 mg/day and in one patient with an estimated current fluoride intake of 3.8 mg/day and a
previous (until 2 years before) intake of 30 mg/day. Four of the individuals also had elevated
parathyroid hormone (PTH), and radiographs of two suggested secondary hyperparathyroidism.
Plasma calcium in the fluorosis patients was generally in the normal range, but urinary calcium
concentrations were lower than those of controls; dietary calcium intakes were considered to be
adequate. Vitamin D deficiency was not found.
In a review of skeletal fluorosis, Krishnamachari (1986) mentioned, but did not elaborate
on, “significant alterations” in the “parathyroid-thyrocalcitonin axis,” also stating that the
sequence of the hormonal changes was not clear and that the changes did not occur to the same
degree in all patients, possibly reflecting the adequacy of calcium intake. Elevated calcitonin
was found in some but not all cases of skeletal fluorosis in a series of epidemiologic studies
reviewed by Teotia et al. (1998).
Tokar’ et al. (1989) reported elevated concentrations of calcitonin in the blood of workers
employed in fluorine production, indicating stimulation of thyroid gland parafollicular cells.
Huang et al. (2002) reported significantly elevated concentrations of serum PTH and calcitonin
in 50 male fluoride workers and concluded that an excess of fluoride might affect secretion of
both calcium-adjusting hormones.
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Discussion (Effects on Parafollicular Cell Function)
Calcitonin concentrations do not seem to have been routinely measured in cases of
skeletal fluorosis, but elevated calcitonin does seem to be present when looked for. The effect
has been noted at fluoride intakes as low as 3.8 mg/day in humans (approximately 0.06
mg/kg/day) and was found routinely at intakes of at least 9 mg/day (approximately 0.15
mg/kg/day). No animal studies have reported calcitonin concentrations after fluoride exposure.
Teotia et al. (1978) proposed several possible mechanisms (direct and indirect) of fluoride action
with respect to effects on calcitonin and PTH secretion, but currently the significance of the
elevated calcitonin concentrations associated with skeletal fluorosis is not clear.5
PARATHYROID GLANDS
In humans, four small parathyroid glands are normally situated on the posterior surface of
the thyroid. These glands produce PTH, a simple 84-peptide hormone, which is the principal
regulator of extracellular calcium (Bringhurst et al. 2002; Goodman 2003)6. The primary effect
of PTH is to increase the calcium concentration and decrease the phosphate concentration in
blood (Bringhurst et al. 2002; Goodman 2003). The major mechanisms by which this effect
occurs include the mobilization of calcium phosphate from the bone matrix, primarily from
increased osteoclastic activity; in the kidney, increased reabsorption of calcium, decreased
reabsorption of phosphate, and increased activation of vitamin D; and increased intestinal
absorption of calcium (Bringhurst et al. 2002; Goodman 2003). PTH is also important for
skeletal homeostasis (bone remodeling). Regulation of PTH secretion is inversely related to the
concentration of ionized calcium (Bringhurst et al. 2002; Goodman 2003).
Healthy individuals secrete PTH throughout the day (1-3 pulses per hour); blood
concentrations of PTH also exhibit a diurnal pattern, with peak values after midnight and
minimum values in late morning (el-Hajj Fuleihan et al. 1997; Goodman 2003). Circadian
patterns of PTH concentrations differ in men and women (Calvo et al. 1991) and between
healthy and osteoporotic postmenopausal women (Eastell et al. 1992; Fraser et al. 1998). The
diurnal fluctuations might be important for urinary calcium conservation (el-Hajj Fuleihan et al.
1997) and might be involved in anabolic responses of bone to PTH (Goodman 2003).
Alterations in PTH rhythms might contribute to or be associated with osteoporosis (el-Hajj
Fuleihan et al. 1997; Fraser et al. 1998).

5

Calcitonin inhibits bone resorption by acting directly on the osteoclast, but it appears to play only a small role in
regulating bone turnover in adults (Raisz et al. 2002). Elevated calcitonin concentrations are often present in certain
types of malignancy, especially medullary thyroid carcinoma (carcinoma arising from the thyroid parafollicular
cells; Bringhurst et al. 2002; Schlumberger et al. 2002), but are considered a marker for the malignancy or for
certain other severe illnesses, rather than an adverse consequence. One source suggests that subtle alterations in
calcitonin production or response may play a role in metabolic bone disease (Raisz et al. 2002).
6
It is important to note that assays of PTH have varied over the years (Bringhurst et al. 2002; Goodman 2003),
making it difficult to compare reported PTH concentrations among different studies; in this report, PTH
concentrations (when given) are compared with the controls or healthy individuals reported for the specific studies.
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In Vitro Studies
Fluoride ion has been shown to be a potent inhibitor of PTH secretion in bovine and
human parathyroid cells in vitro (Chen et al. 1988; Shoback and McGhee 1988; Sugimoto et al.
1990; Ridefelt et al. 1992); PTH inhibition was observed at concentrations ranging from 0.5 to
20 mM (9.5-380 mg/L) with maximum effect at or above 5 mM (95 mg/L). This action by
fluoride either requires or is potentiated by Al3+, consistent with a mechanism of G-protein
stimulation. Fluoride (or aluminum fluoride), via the G proteins, suppresses cAMP
accumulation, increases cytosolic Ca2+ (probably by stimulating a calcium channel), increases
inositol phosphate accumulation, and also might directly inhibit the PTH secretory process (Chen
et al. 1988; Shoback and McGhee 1988; Sugimoto et al. 1990; Ridefelt et al. 1992). No single
mechanism is clearly responsible for inhibiting PTH secretion, suggesting that several
mechanisms might be involved in its regulation.
Animal Studies
A number of animal studies of the effects of fluoride on parathyroid function are
summarized below (for more details, see Appendix E, Table E-11). Administration of NaF as a
lavage was found to elicit hyperparathyroidism in rats (Yates et al. 1964, as cited by Sundström
1971); the hyperparathyroidism was thought to be secondary to a direct, calcitonin-like, action of
fluoride on bone tissue (Rich and Feist 1970, as cited by Sundström 1971). Levy et al. (1970)
demonstrated increased resistance (suppressed sensitivity) of alveolar bone to PTH (in
pharmacologic doses) in marmosets fed fluoride in drinking water (50 mg/L) for 5 months.
More recently, increased serum inorganic fluoride due to use of the anesthetic isoflurane was
associated with decreased ionized calcium and increased PTH and osteocalcin in cynomolgus
monkeys (Hotchkiss et al. 1998).
A fivefold increase in blood PTH was seen as early as 1 week in lambs given drinking
water with fluoride at 90 mg/L (Faccini and Care 1965); by 1 month, ultrastructural changes
considered to be indicative of increased activity were observed in the parathyroid glands. The
overactivity of the parathyroid might be a response to a “more stable mineral system, i.e.
fluoroapatite” that is “resistant to the normal processes of resorption,” thus requiring an increase
in PTH activity to maintain normal serum calcium concentrations (Faccini 1969).
Chavassieux et al. (1991) reported a significant decrease in serum calcium and
phosphorus and increases in serum PTH in sheep fed 1 or 5 mg of NaF per kg per day for 45
days, without calcium supplementation. Because of wide variation, the increased serum PTH is
not considered statistically significant, but mean serum PTH in both groups at 45 days was at
least twice as high as at the beginning of the experiment. This study and those of Faccini and
Care (1965) and Hotchkiss et al. (1998) suggest a hypocalcemic response to the fluoride,
followed by increased PTH secretion in response to the hypocalcemia.
Two longer-term animal studies with “high” concentrations of calcium and vitamin D
intake have reported no effect of fluoride exposure on calcium homeostasis or parathyroid
function (Andersen et al. 1986; Turner et al. 1997). However, two other studies with lowcalcium situations found an altered parathyroid response. In one of these studies, Li and Ren
(1997) reported that rats fed fluoride (100 mg/L in drinking water) for 2 months along with a
low-calcium diet exhibited osteomalacia, osteoporosis, accelerated bone turnover, increased
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serum alkaline phosphatase, increased osteocalcin7, and increased PTH. Fluoride-treated
animals with adequate dietary calcium showed only slightly increased osteoblastic activity after
2 months but elevated serum alkaline phosphatase activity and increased average width of
trabecular bone after 1 year.
In an earlier study, Rosenquist et al. (1983) fed drinking water containing fluoride at 50
mg/L to male Wistar rats from the age of 5 weeks until age 51 weeks; half the animals were
given a calcium-deficient diet for the last 16 weeks. Control animals were fed drinking water
containing fluoride at <0.5 mg/L. At 35 weeks, average serum immunoreactive PTH was
reduced, but not significantly, in the fluoride-treated rats. At 51 weeks, calcium-deficient rats
without fluoride showed elevated PTH (the normal response), whereas calcium-deficient rats
with fluoride showed very slightly less PTH than calcium-sufficient, fluoride-treated rats. All
groups had normal serum calcium concentrations. The authors concluded that fluoride in the
amount used does not increase parathyroid activity and that fluoride supplementation “seems to
prevent the profound changes in parathyroid activity that result from calcium deficiency”
(Rosenquist et al. 1983). However, a better interpretation of the data is that the normal increase
in PTH in response to a dietary calcium deficiency did not occur in the fluoride-treated animals
(although some morphological changes occurred), suggesting that normal parathyroid function
was inhibited. These animals were adults when the calcium deficiency was imposed, and the
effect of fluoride treatment on animals with a preexisting calcium deficiency was not examined.
Substantially wider standard deviations were observed for all fluoride-treated and calciumdeficient groups than in the controls (no fluoride, calcium sufficiency), suggesting variable
responses in the animals.
Dunipace et al. (1995, 1998) examined the effects of fluoride (up to 50 mg/L in drinking
water) on male Sprague-Dawley rats with a normal diet (Dunipace et al. 1995) or with either a
calcium-deficient diet or a diet deficient in protein, energy, or total nutrients (Dunipace et al.
1998). Fluoride reportedly had no effect on various clinical parameters monitored in normal,
calcium-deficient, or malnourished animals; however, the papers showed results only for
combinations of fluoride treatment groups, and calcium-related parameters such as PTH and
calcitonin concentrations were not measured. The combination of general malnutrition and
calcium deficiency was not examined.
Verma and Guna Sherlin (2002b) reported hypocalcemia in female rats and their
offspring when the mothers were treated with NaF (40 mg/kg/day) during gestation and lactation.
PTH was not measured.
Tiwari et al. (2004) reported decreased serum calcium, increased serum alkaline
phosphatase, increased concentrations of vitamin D metabolites (both 25(OH)D3 and
1,25(OH)2D3), and lower whole body bone mineral density (suggestive of deficient
mineralization) in rats born to mothers given a calcium-deficient diet and high fluoride (50 mg/L
in drinking water) from day 11 of gestation; after weaning the pups were given the same lowcalcium, high-fluoride regimen. Although the authors did not measure PTH or examine bone
histomorphometry, they did demonstrate specific changes in gene transcription in the duodenal
mucosa, including decreased transcription of the genes for the vitamin D receptor and calbindin
D 9 k (a vitamin-D regulated protein that enhances calcium uptake) and altered (decreased at 9
weeks) transcription of the gene for the calcium-sensing receptor (which senses changes in
extracellular calcium concentrations and regulates serum calcium concentrations by influencing
PTH secretion). Excess fluoride continued to produce alterations in gene expression even when
7

Elevated osteocalcin and alkaline phosphatase are considered markers for bone turnover (Raisz et al. 2002).
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calcium was restored to the diet. The changes in gene expression are thought to result in
decreased absorption of calcium from the gut.
Human Studies (Clinical, Occupational, or Population)
Clinical, occupational, and population studies of the effects of fluoride on human
parathyroid function are summarized below (for more detail, see Appendix E, Table E-12). In
one study with healthy subjects, a single oral dose of 27 mg of fluoride was followed by
decreases in serum calcium and phosphorus and an increase in serum immunoreactive PTH
(Larsen et al. 1978), suggesting a rise in PTH in response to the decrease in serum calcium. The
fall in serum calcium was attributed to increased mineralization of bone in response to the
fluoride dose. Oral doses of fluoride at 27 mg/day for 3 weeks in healthy adults produced a
significant increase in serum osteocalcin at the end of the 3-week period but not in total or
ionized calcium, alkaline phosphatase, PTH, and several other parameters (Dandona et al. 1988).
The mean PTH concentration at 3 weeks was elevated slightly over the initial (pretreatment)
values, and the standard deviation was considerably larger, suggesting that a few individuals
might have had significant increases. In a follow-up letter, Gill et al. (1989) suggested that the
age of the subjects and the sensitivity of the PTH assay might influence the findings.
Stamp et al. (1988, 1990) reported increased concentrations of biologically active PTH in
osteoporosis patients receiving both calcium and sodium fluoride during short- and long-term
treatments. In the short-term (8-day) study, two groups of patients were identified with respect
to stability of serum calcium and phosphorus concentrations (Stamp et al. 1988). In the group
with more stable serum calcium, NaF inhibited intestinal calcium and phosphorus absorption and
reduced calcium balance; this inhibition is not explainable by the formation of calcium-fluoride
complexes and might be due to inhibition by fluoride of some step(s) in active transport (Stamp
et al. 1988).
In patients treated for 15 ± 10 months, the treated group as a whole had statistically
significant elevation of biologically active PTH and serum alkaline phosphatase (Stamp et al.
1990). In those patients (32% of the treated group) in whom biologically active PTH was above
the upper limit of normal, serum alkaline phosphatase was not elevated above control
concentrations; elevated PTH also was associated with relative hypophosphatemia and relative
hypercalciuria. Thus, in some individuals, fluoride stimulated the synthesis or release of serum
alkaline phosphatase, and PTH concentrations were in the normal range; in others, serum
alkaline phosphatase was not increased, indicating failure of the osteoblastic response, and PTH
concentrations were above the normal range.
Duursma et al. (1987) also found that individuals varied in their responses to fluoride
treatment for osteoporosis. Those individuals who had a femoral neck fracture during the
treatment period (6 of 91 patients) also appeared to have lower serum alkaline phosphatase
concentrations and higher serum PTH concentrations than other patients.
In a comparison of 25 fluoride-treated osteoporosis patients with calcium
supplementation and 38 controls with no fluoride treatment (but in most cases calcium
supplementation), Jackson et al. (1994) reported no significant difference in mean calcium
concentrations between groups, although 2 of 25 individuals were outside the normal range
(versus 0 of 38 controls). A significant elevation in mean alkaline phosphatase concentration
was observed in the treated group, with 8 of 25 individuals outside the normal range (versus 0 of
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38 controls); for those 8 individuals, the significant elevation was largely due to an increased
concentration of bone isoenzymes. For the 24 patients for whom baseline (pretreatment)
information was available, mean calcium concentrations were significantly lower and alkaline
phosphatase was significantly higher. PTH was not measured in these patients, and individuals
with a history of thyroid, parathyroid, or gastrointestinal problems were not included in the
study. The authors stated that “none of the mean differences between groups were considered to
be clinically significant,” but whether some individuals had clinically significant situations was
not addressed.
Dure-Smith et al. (1996) reported that fluoride-treated osteoporosis patients who showed
a rapid increase in spinal bone density also showed a general state of calcium deficiency and
secondary hyperparathyroidism; similarly treated patients with a decrease or slow increase in
spinal bone density were much less likely to be calcium deficient. The degree of calcium
deficiency appeared to be related to the previous fluoride-dependent increase in spinal bone
density, indicating that an osteogenic response to fluoride can increase the skeletal requirement
for calcium, even in patients with a high calcium intake. Reasons for the differences in response
to fluoride treatment (rapid increase versus decrease or slow increase in spinal bone density)
were not identified.
Osteoporosis patients treated either with slow-release NaF or with a placebo (both with
concurrent calcium supplementation) showed decreases in immunoreactive PTH from initial
pretreatment values, presumably due to the calcium supplementation (Zerwekh et al. 1997b).
PTH values in the fluoride-treated group stayed slightly (but not significantly) higher than those
in the placebo group.
Li et al. (1995) described a population study in China that examined adults in regions
with various fluoride concentrations in the drinking water and either “normal” or “inadequate”
nutrition in terms of protein and calcium intake; people in the sample were “healthy” rather than
randomly selected. A significant decrease in blood calcium concentration was associated with an
increase in fluoride exposure in the populations with inadequate nutrition but was not detected in
subjects with normal nutrition. Elevated alkaline phosphatase activity with increased fluoride
exposure was observed in all populations, with higher values in subjects with inadequate
nutrition. PTH concentrations were not measured. For calcium, alkaline phosphatase, and
several other blood parameters, all values were stated to be within the normal range regardless of
fluoride exposure and nutritional condition, but it is not clear whether “all values” refers to mean
or individual values.
Jackson et al. (1997) examined adult volunteers in the United States who had lived at
least 30 years in communities with natural fluoride concentrations in drinking water of 0.2, 1.0,
or 4.0 mg/L. Mean values for plasma calcium, phosphate, and alkaline phosphatase for all
groups were within the normal ranges, although there were statistically significant differences
among groups for calcium and phosphate concentrations. On the basis of plasma fluoride
concentrations, the group in the 0.2-mg/L community was thought to have higher fluoride intake
than expected solely from their drinking water. Calcium intakes and general nutritional status
were not discussed, and PTH concentrations were not measured.
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Human Studies (Endemic Skeletal Fluorosis)
Six papers (five from India and one from South Africa) describe parathyroid function in
cases of endemic skeletal fluorosis (see Appendix E, Table E-13). An additional paper describes
a U.S. patient with renal insufficiency, systemic fluorosis attributed to the renal insufficiency
(and resulting polydipsia), and serum immunoreactive PTH more than three times the normal
value (Juncos and Donadio 1972). The patient’s fluoride intake at the time of the study was
about 20 mg/day, or 0.34 mg/kg/day. Johnson et al. (1979) refer to that patient and 5 others with
renal disease in whom fluoride (approximately 1.7-3 mg/L in drinking water) “may have been
the cause of detectable clinical and roentgenographic effects.” They state that plasma PTH
concentrations were elevated in all 6, albeit the concentrations were considered “relatively low”
for the severity of the bone disease. Two other U.S. patients with skeletal fluorosis but no renal
disease did not have elevated PTH concentrations (Felsenfeld and Roberts 1991; Whyte et al.
2005).
Singh et al. (1966) found significantly higher serum alkaline phosphatase values in
individuals with fluorosis but no significant differences between patients and controls in serum
calcium or inorganic phosphate. They did not measure PTH.
Teotia and Teotia (1973) reported that 5 of 20 patients with skeletal fluorosis had clear
evidence of secondary hyperparathyroidism. The estimated mean fluoride intake was ≥25
mg/day; dietary calcium and vitamin D were considered adequate. Laboratory results showed
increased plasma alkaline phosphatase, increased phosphate clearance, decreased tubular
reabsorption of phosphate, increased urinary fluoride, and decreased urinary calcium. Plasma
calcium and phosphate were normal in 4 of the patients. Elevated serum immunoreactive
parathyroid hormone was observed in all 5, especially in the person with elevated plasma
calcium and decreased plasma phosphate. This person, who was thought to have been
developing tertiary hyperparathyroidism, was later found to have a parathyroid adenoma.
Radiological findings in all 5 people were consistent with hyperparathyroidism.
Teotia et al. (1978) reported increased PTH concentrations in four of seven patients with
endemic skeletal fluorosis (including the patient with the lowest fluoride intake); increased
alkaline phosphatase was seen in at least three, and increased calcitonin was seen in all seven
(Figure 8-3; Table E-10). Radiographs of two persons were consistent with secondary
hyperparathyroidism. Dietary intakes of fluoride were estimated to range from 8.7 to 52 mg/day.
Plasma calcium concentrations in the fluorosis patients were generally in the normal range, but
urinary calcium concentrations were lower than those of controls; dietary calcium intakes were
considered to be adequate. Vitamin D deficiency was not found. The finding that not everyone
had elevated PTH is consistent with other observations of variability in individual responses.
Srivastava et al. (1989) described four siblings in India with skeletal fluorosis, normal
total and ionized calcium concentrations, and normal vitamin D concentrations. The mother of
the four had subnormal total and ionized calcium and subnormal vitamin D. All five individuals
had significantly elevated PTH, elevated osteocalcin, and elevated alkaline phosphatase (Figure
8-4). Fluoride intakes were estimated to be between 16 and 49 mg/day, primarily from a water
source containing fluoride at 16.2 mg/L. The findings of elevated PTH in the presence of low or
normal total and ionized calcium concentrations suggest secondary hyperparathyroidism in these
individuals.
Pettifor et al. (1989) described a study of 260 children between 6 and 16 years old in an
area of South Africa with endemic skeletal fluorosis (water fluoride concentrations of 8-12
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FIGURE 8-3 Plasma immunoreactive parathyroid hormone (IPTH) versus fluoride intake for
nine skeletal fluorosis patients (two of whom had moved to a low-fluoride area) and five controls
(Teotia et al. 1978; see Appendix E, Tables E-10 and E-13). Note that two of the control patients
shown with IPTH values of 0.35 µg/mL were actually reported as “< 0.35” µg/mL. The four
IPTH values of 0.7 µg/mL or greater were considered elevated above the values found in healthy
controls.
mg/L). Hypocalcemia was present in 23% of these children and in six of nine children
presenting with skeletal symptoms who were studied individually. In comparable areas with low
fluoride concentrations, the prevalence of hypocalcemia was only 2% to13%. Bone fluoride was
elevated about 10-fold in the seven children measured. The children exhibited a reduced
phosphaturic response during a PTH-stimulation test, suggestive of pseudohypoparathyroidism
Type II; the response was directly related to the presence of hypocalcemia and could be
corrected by correcting the hypocalcemia. Biopsies of iliac crest bone gave a picture of severe
hyperosteoidosis associated with secondary hyperparathyroidism and a mineralization defect.
The authors suggested that fluoride ingestion might increase calcium requirements and
exacerbate the prevalence of hypocalcemia. The usual result of low calcium intake is classical
rickets and generalized osteopenia; in this case, the combination of low calcium and high
fluoride resulted in a different presentation at a later age. The degree of hypocalcemia appears to
play a major role in determining the severity of osteomalacia present in endemic skeletal
fluorosis and influences the renal response to hyperparathyroidism (in terms of variable serum
phosphate values). The authors also pointed out the “striking male predominance” of skeletal
fluorosis in their study and cited similar findings in previous studies.
Gupta et al. (2001) described a one-time study of children aged 6-12 in four regions of
India with different fluoride intakes (for details, see Appendix E, Table E-14). Mean serum
calcium concentrations were within the normal range for all groups. The serum PTH in all
groups was correlated with the fluoride intake (Figure 8-5) and with the severity of clinical and
skeletal fluorosis. The authors concluded that the increased serum PTH was related to high
fluoride ingestion and could be responsible for maintaining serum calcium concentrations as well
as playing a role in the toxic manifestations of fluorosis. Calcium intake is not stated in the
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FIGURE 8-4 Fluoride intake and serum fluoride (upper left) in four Indian siblings (subjects 25) and their mother (subject 1). Serum PTH and osteocalcin and plasma alkaline phosphatase are
shown for the same subjects and for normal age-matched Indian controls (Srivastava et al. 1989).
paper, but the primary author has indicated that calcium intake in the study areas was normal (S.
K. Gupta, Satellite Hospital, Banipark, Jaipur, personal communication, December 11, 2003).
In a review of skeletal fluorosis, Krishnamachari (1986) indicated that the nature
(osteosclerotic, osteomalacic, osteoporotic) and severity of the fluorosis depend on factors such
as age, sex, dietary calcium intake, dose and duration of fluoride intake, and renal efficiency in
fluoride handling. In some cases, secondary hyperparathyroidism is observed with associated
characteristic bone changes. He also noted the preponderance of males among fluorosis patients
and discussed a possible protective effect of estrogens. In his review, Krishnamachari (1986)
described a twofold model for the body’s handling of fluoride.
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FIGURE 8-5 Parathyroid hormone (IPTH) versus fluoride intake for children in four villages
with different mean fluoride intakes (Gupta et al. 2001; also see Appendix E, Tables E-13 and E14). Vertical lines indicate standard deviations on the means. Horizontal lines indicate normal
range of IPTH (48.1 ± 11.9 pM/L) for this method of measurement.
1. In the presence of adequate calcium, absorbed fluoride is deposited in the bone as
calcium fluorapatite. Bone density increases, urinary fluoride increases, but urinary calcium and
phosphorus are not altered. Osteosclerosis and calcification of many tendons and ligaments
occur. Serum alkaline phosphatase activity is elevated, but no specific changes occur in other
constituents of serum. There are minimal hormonal changes and only mild secondary
hyperparathyroidism. If the situation progresses, there will be osteophytosis (bony outgrowths),
neurological complications8, and late crippling, producing an osteosclerotic form of fluorosis that
primarily affects adults.
2. In the presence of inadequate calcium, fluoride directly or indirectly stimulates the
parathyroid glands, causing secondary hyperparathyroidism leading to bone loss. Bone density
is variably increased, with areas of sclerosis or porosis; there is evidence (radiological and
densitometrical) of bone loss. There is renal conservation of calcium in spite of
hyperparathyroidism, with no significant changes in serum biochemistry; urinary hydroxyproline
excretion is significantly increased. In these conditions, an osteoporotic type of skeletal fluorosis
occurs at a younger age, and growing children develop deformities due to bone softening.
Teotia et al. (1998) compared a number of epidemiologic studies of skeletal fluorosis
from 1963 to 1997, including 45,725 children consuming water with fluoride at 1.5-25 mg/L.
They observed that the combination of fluoride exposure and calcium deficiency led to more
severe effects of fluoride, metabolic bone diseases, and bone deformities, resulting from excess
fluoride, low calcium, high PTH, and high 1,25-dihydroxy vitamin D3. Fluoride exposure in the
presence of calcium sufficiency led to an osteosclerotic form of fluorosis, with minimal
8

“Neurological complications” probably refers to the effects of compression of the spinal cord, e.g., those described
by Singh et al. (1961).
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secondary hyperparathyroidism. For comparable fluoride intake, metabolic bone disease occurs
in 90% of children with calcium deficiency versus 25% of children with adequate calcium
intake. The authors concluded that the toxic effects of fluoride occur at a lower fluoride intake
(>2.5 mg/day) when there is a calcium deficiency and that fluoride appears to exaggerate the
metabolic effects of calcium deficiency on bone.
Discussion (Parathyroid Function)
Of the animal studies that actually measured PTH, two studies have shown no effect of
fluoride on PTH concentrations in blood (Liu and Baylink 1977; Andersen et al. 1986); animals
in these studies were supplied with adequate or high dietary calcium. An additional three studies
reported no effect of fluoride on serum or plasma calcium concentrations but did not measure
PTH concentrations (Rosenquist and Boquist 1973; Dunipace et al. 1995, 1998). Rosenquist and
Boquist (1973) gave no information on dietary calcium. One experiment by Dunipace et al.
(1998) specifically used low dietary calcium for some treatment groups. Turner et al. (1997)
found decreased serum calcium and elevated (but not significantly so) PTH in fluoride-treated
animals with high dietary calcium. Both Verma and Guna Sherlin (2002b) and Tiwari et al.
(2004) reported hypocalcemia due to combined calcium deficiency and fluoride exposure, but
PTH was not measured. Tiwari et al. (2004) described changes in gene expression that would
result in reduced calcium absorption from the gut. Elevated PTH concentrations were reported
for fluoride-treated animals in three papers, including one with no information on dietary
calcium (Faccini and Care 1965), one with normal dietary calcium and decreased serum calcium
(Chavassieux et al. 1991), and one with low dietary calcium (Li and Ren 1997). In one other
study, the normal response to a calcium deficiency (elevated PTH) did not occur in fluorideexposed animals (Rosenquist et al. 1983).
Human studies show elevated PTH concentrations in at least some individuals at doses of
0.4-0.6 mg/kg/day (Teotia and Teotia 1973; Larsen et al. 1978; Duursma et al. 1987; Dandona et
al. 1988; Stamp et al. 1988, 1990; Srivastava et al. 1989; Dure-Smith et al. 1996; Gupta et al.
2001) and in some cases at doses as low as 0.15 mg/kg/day (Teotia et al. 1978) and 0.34
mg/kg/day (Juncos and Donadio 1972). Li et al. (1995) found a significant decrease in mean
plasma calcium concentrations with increased fluoride exposure in populations of apparently
healthy adults with inadequate nutrition, but PTH was not measured. Jackson et al. (1994) found
calcium concentrations outside the normal range in 2 of 25 persons treated with fluoride for
osteoporosis, but the mean value for the group was within the normal range; these persons also
received calcium supplementation. Calcium concentrations in 24 patients decreased from
pretreatment concentrations; however, PTH concentrations were not measured. Jackson et al.
(1997) also found no significant effect of fluoride on blood calcium concentrations in people
who lived in communities with different fluoride concentrations but presumably had adequate
nutrition; PTH concentrations were not measured.
The indirect action of fluoride on parathyroid function is relatively straightforward:
fluoride induces a net increase in bone formation (Chavassieux et al. 1991) and also decreases
calcium absorption from the gastrointestinal tract (beyond the degree expected by formation of
calcium-fluoride complexes; Krishnamachari 1986; Stamp et al. 1988; Ekambaram and Paul
2001); both of these effects lead to an increase in the body’s calcium requirement (Pettifor et al.
1989; Ekambaram and Paul 2001). If dietary calcium is inadequate to support the increased
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requirement, the response is an increase in PTH (secondary hyperparathyroidism). PTH acts to
increase resorption of bone, but the effect is uneven; low-fluoride bone is resorbed first (Faccini
1969). As bone fluoride increases, the “solubility” of the bone, or the ease with which it is
resorbed, is decreased (because of the greater stability of fluorapatite), giving an apparent
resistance to the effects of PTH (Faccini 1969; Levy et al. 1970; Messer et al. 1973a,b). The
indirect action of fluoride to cause an increased calcium requirement is consistent with reports of
reduced milk production (due to inadequate mobilization of calcium from bone) in livestock with
excessive fluoride consumption and of more severe fluorosis in lactating animals (due to the
higher calcium utilization during lactation) (e.g., Eckerlin et al. 1986a,b; Jubb et al. 1993). The
work of Tiwari et al. (2004) provides an initial description of a mechanism by which fluoride
exposure in the presence of a calcium deficiency further increases the dietary requirement for
calcium, namely by altering the expression of genes necessary for calcium absorption from the
gastrointestinal tract.
Some studies also indicate direct effects of fluoride on the parathyroid gland. Elevated
PTH in the presence of normal serum calcium might indicate a stimulatory effect of fluoride
(Gill et al. 1989; Srivastava et al. 1989). The absence of the normal elevation of PTH in
response to calcium deficiency suggests an inhibitory effect (Rosenquist et al. 1983), as do
several in vitro studies (Chen et al. 1988; Shoback and McGhee 1988; Sugimoto et al. 1990;
Ridefelt et al. 1992). The possibility also exists that a direct effect on either the parathyroid or
the thyroid parafollicular cells leads to a compensatory response from the other, but this has not
been examined.
Several studies have reported different responses among individuals or variability in
group responses (Teotia and Teotia 1973; Teotia et al. 1978; Krishnamachari 1986; Duursma et
al. 1987; Dandona et al. 1988; Stamp et al. 1988; 1990; Jackson et al. 1994; Dure-Smith et al.
1996; Gupta et al. 2001); the reasons for these differences are not clear but might include genetic
differences in addition to variability in nutritional factors. The effects also might vary with age,
sex, and the duration (as well as degree) of hypocalcemia.
Any cause of hypocalcemia or vitamin D deficiency can lead to secondary
hyperparathyroidism (elevated PTH) in an attempt by the body to maintain calcium homeostasis
(Ahmad and Hammond 2004).9 Fluoride clearly has the effect of decreasing serum calcium and
increasing the calcium requirement in some or many exposed persons. In those studies which
have measured it, PTH is elevated in some persons in response to fluoride exposure, indicating
secondary hyperparathyroidism. No information has been reported in those studies on the
clinical effects, if any, in those persons. In general, secondary hyperparathyroidism in response
to calcium deficiency may contribute to a number of diseases, including osteoporosis,
hypertension, arteriosclerosis, degenerative neurological diseases, diabetes mellitus, some forms
of muscular dystrophy, and colorectal carcinoma (Fujita and Palmieri 2000). McCarty and
Thomas (2003) suggest that down-regulation of PTH (by calcium and/or vitamin D
supplementation) could assist in control of weight and prevention of diabetes.
Calcium deficiency induced or exacerbated by fluoride exposure may contribute to other
adverse health effects. For example, Goyer (1995) indicates that low dietary calcium increases
the concentration of lead in critical organs and the consequent toxicity. A recent increase in the
number of cases of nutritional rickets in the United States appears to reflect calcium-deficient
diets rather than vitamin D deficiencies (DeLucia et al. 2003). These cases occur in children
9

Renal failure is the most common cause of secondary hyperparathyroidism (Ahmad and Hammond 2004).
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whose diet lacks dairy products10; circulating PTH concentrations are elevated, as are alkaline
phosphatase concentrations. The authors “emphasize that nutritional calcium deficiency may
occur in North American infants and is not limited to the setting of developing countries” and
state that “factors that affect calcium absorption may be important in determining a susceptibility
to the development of rickets.”
PINEAL GLAND
The pineal gland is a small organ (150 mg in humans) located near the center of the brain.
One of the major components of the mammalian circadian system, it lies in the upper margins of
the thalamus in the dorsal aspects of the third ventricle and has both physical and neuronal
connections with the brain. Although the pineal gland lies outside the blood-brain barrier, it has
access to the cerebrospinal fluid. The pineal gland’s major neuronal connections with the brain
are the sympathetic nerve fibers coming from the superior cervical ganglion; the activity of these
sympathetic nerves controls synthesis and release of the pineal hormone melatonin (Cone et al.
2002).11 Other substances (primarily peptides) are also secreted from the pineal gland and have
been reported to have various physiological effects, including antigonadotropic, metabolic, and
antitumor activity (Anisimov 2003).
Most melatonin production occurs during darkness (Reiter 1998; Salti et al. 2000; Cone
et al. 2002; Murcia García et al. 2002). Peak serum concentrations of melatonin occur during
childhood in humans, with decreasing concentrations during adolescence before stabilization at
the low concentration characteristic of adults (García-Patterson et al. 1996; Murcia García et al.
2002); further decreases in melatonin occur at menopause in women and at a corresponding age
in men (Reiter 1998).
Melatonin affects target tissues, such as the hypophyseal pars tuberalis, that have a high
density of melatonin receptors. The primary effect seems to be temporally specific activation of
cAMP-sensitive gene expression in the pars tuberalis by the sensitization of adenylyl cyclase,
thus synchronizing the suprachiasmatic nucleus of the hypothalamus and clock-controlled genes
in peripheral tissue (Stehle et al. 2003). In humans, changes in melatonin are associated with the
status of the reproductive system—onset of puberty, stage of puberty, menstrual cyclicity,
menopause (Reiter 1998; Salti et al. 2000)—but the functional relationships are not fully
understood. The elevated melatonin concentrations characteristic of prepubertal age suggest an
inhibitory effect on pubertal development (Aleandri et al. 1997; Salti et al. 2000); sexual
maturation begins when serum melatonin starts to decrease (Aleandri et al. 1997; Reiter 1998).
Melatonin also seems to be involved with anxiety reactions; for example, the beneficial effects of
fluoxetine (Prozac) in mice during an anxiety test are not found if the pineal gland has been
removed (Uz et al. 2004).
Melatonin and pineal peptides have been associated with a number of other physiological
effects, including regulation of circadian rhythms and sleep (Arendt 2003; Cajochen et al. 2003);
10

A diet low in dairy products will have not only a lower calcium content but probably also a higher fluoride content,
due to greater use of beverages such as juices that have been manufactured with fluoridated municipal water (see
Chapter 2); absorption and retention of fluoride will be higher because of the calcium deficiency.
11
Melatonin is also found in cells lining the gut from stomach to colon. Its functions are mainly protective,
including free radical scavenging. Some of melatonin’s actions are receptor-mediated and involve the central and
peripheral sympathetic nervous systems (Reiter et al. 2003a).
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regulation of reproductive physiology in seasonal breeders (Aleandri et al. 1997; Reiter 1998;
Stehle et al. 2003); effects on calcium and phosphorus metabolism, parathyroid activity, bone
growth, and development of postmenopausal osteoporosis (Chen et al. 1990, 1991; Sandyk et al.
1992; Shoumura et al. 1992; el-Hajj Fuleihan et al. 1997; Roth et al. 1999; Cardinali et al. 2003;
Goodman 2003); oncostatic or anticarcinogenic effects (Cohen et al. 1978; García-Patterson et
al. 1996; Panzer 1997; Anisimov 2003); antioxidant actions (Srinivasan 2002; Reiter et al.
2003b); and effects on the central nervous system, psychiatric disease, and sudden infant death
syndrome (García-Patterson et al. 1996; Reiter 1998; Delagrange et al. 2003). Panzer (1997)
suggested that the simultaneous decrease in melatonin concentrations and the exponential
increase in bone growth during puberty could be a factor in the typical age distribution of
osteosarcoma.
Pineal Gland Calcification
The pineal gland is a calcifying tissue; in humans, calcified concretions can be found at
any age, although the likelihood increases with age (Vígh et al. 1998; Akano and Bickler 2003)
and may be associated with menopause (Sandyk et al. 1992). The occurrence of pineal
calcifications varies among different populations and nations (Vígh et al. 1998), possibly in
association with the degree of industrialization (Akano and Bickler 2003), rates of breast cancer
(Cohen et al. 1978), and high circannual light intensity near the equator (Vígh et al. 1998).
Osteoporosis might be associated with fewer concretions (Vígh et al. 1998).
Melatonin secretion is well correlated with the amount of uncalcified pineal tissue (Kunz
et al. 1999) but not with the size of pineal calcification (Vígh et al. 1998; Kunz et al. 1999). An
increase in calcification of the pineal gland in humans probably represents a decrease in the
number of functioning pinealocytes and a corresponding decrease in the individual’s ability to
produce melatonin (Kunz et al. 1999). The degree of calcification, relative to the size of an
individual’s pineal gland, has been suggested as a marker of the individual’s decreased capability
to produce melatonin (Kunz et al. 1999).
As with other calcifying tissues, the pineal gland can accumulate fluoride (Luke 1997,
2001). Fluoride has been shown to be present in the pineal glands of older people (14-875 mg of
fluoride per kg of gland in persons aged 72-100 years), with the fluoride concentrations being
positively related to the calcium concentrations in the pineal gland, but not to the bone fluoride,
suggesting that pineal fluoride is not necessarily a function of cumulative fluoride exposure of
the individual (Luke 1997, 2001). Fluoride has not been measured in the pineal glands of
children or young adults, nor has there been any investigation of the relationship between pineal
fluoride concentrations and either recent or cumulative fluoride intakes.
In Vitro Studies
Few studies have examined the effects of fluoride on pineal function. NaF (2.5-20 mM,
or fluoride at 47.5-380 mg/L) produces markedly increased adenylyl cyclase activity (up to four
times control activity) of rat pineal homogenates in vitro (Weiss 1969a,b), as it does in other
tissues (Weiss 1969a); ATPase activity in the homogenates was inhibited by up to 50% (Weiss
1969a). Potassium fluoride (7-10 mM, or fluoride at 133-190 mg/L) has been used
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experimentally to increase adenylyl cyclase activity in rat pineal glands in vitro (Zatz 1977,
1979).
Animal Studies
Details of the effect of fluoride on pineal function are presented in Appendix E, Table E15. Luke (1997) examined melatonin production as a function of age and time of day in
Mongolian gerbils (Meriones unguiculatus). On an absolute basis, melatonin production by the
low-fluoride group was constant at ages 7-28 weeks, with no difference between males and
females. Relative to body weight, melatonin output declined progressively with age until
adulthood (by 11.5 weeks in females and 16 weeks in males). In contrast, prepubescent gerbils
fed the high-fluoride diet had significantly lower pineal melatonin production than prepubescent
gerbils fed the low-fluoride diet. Relative to body weight, the normal higher rate of melatonin
production in sexually immature gerbils did not occur.
Sexual maturation in females occurred earlier in the high-fluoride animals (Luke 1997);
males had increases in melatonin production relative to body weight between 11.5 and 16 weeks
(when a decrease normally would occur), and testicular weight at 16 weeks (but not at 9 or 28
weeks) was significantly lower in high-fluoride than in low-fluoride animals. The circadian
rhythm of melatonin production was altered in the high-fluoride animals at 11.5 weeks but not at
16 weeks. In high-fluoride females at 11.5 weeks, the nocturnal peak (relative to body weight)
occurred earlier than in the low-fluoride animals; also, the peak value was lower (but not
significantly lower) in the high-fluoride animals. In males, a substantial reduction (P < 0.00001)
in the nocturnal peak (relative to body weight) was observed in the high-fluoride animals.
Human Studies
Although no studies are available that specifically address the effect of fluoride exposure
on pineal function or melatonin production in humans, two studies have examined the age of
onset of menstruation (age of menarche) in girls in fluoridated areas (Schlesinger et al. 1956;
Farkas et al. 1983; for details, see Appendix E, Table E-15)12; the earlier study was discussed by
Luke (1997) as part of the basis for her research. No comparable information on sexual
maturation in boys is available.

12

Both Schlesinger et al. (1956) and Farkas et al. (1983) referred to tables of the distribution of ages at the time of
first menstruation, but, in fact, both studies provided only frequencies by age (presumably at the time of study, in
either 1-year or 0.5-year increments) of girls having achieved menarche by the stated age. Farkas et al. (1983)
specifically indicated use of the probit method for ascertainment of the median age at menarche; the data provided
by Schlesinger et al. (1956) appear to correspond to that method, but they do not specifically mention it. The probit
(or status quo) method appears to be routinely used to estimate the median (or other percentiles of) age at menarche,
sometimes in conjunction with an estimated mean age at menarche based on recall data (e.g., Wu et al. 2002;
Anderson et al. 2003; Chumlea et al. 2003; Padez and Rocha 2003). According to Grumbach and Styne (2002),
“The method of ascertainment of the age of menarche is of importance. Contemporaneous recordings are performed
with the probit method of asking, ‘yes’ or ‘no,’ are you menstruating? These may be incorrect because of social
pressures of the culture and socioeconomic group considered. Recalled ages of menarche are used in other studies
and considered to be accurate within 1 year (in 90% of cases) during the teenage years and in older women, too.”
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In girls examined approximately 10 years after the onset of fluoridation (1.2 mg/L, in
1945) in Newburgh, New York, the average age13 at menarche was 12 years, versus 12 years 5
months among girls in unfluoridated Kingston (Schlesinger et al. 1956).14 The authors stated
that this difference was not statistically significant. Note that those girls who reached menarche
during the time period of the study had not been exposed to fluoride over their entire lives, and
some had been exposed perhaps for only a few years before menarche (they would have been 8-9
years old at the time fluoridation was started). Those girls in Newburgh who had been exposed
to fluoridated water since birth (or before birth) had not yet reached menarche by the time of the
study.
A later study in Hungary (Farkas et al. 1983) reported no difference in the menarcheal
age of girls in a town with “optimal” fluoride concentration (1.09 mg/L in Kunszentmárton,
median menarcheal age 12.779 years) and a similar control town (0.17 mg/L in Kiskunmajsa;
median menarcheal age 12.79 years). This study shows postmenarcheal girls present at younger
ages in the higher fluoride town than in the low-fluoride town, although the reported median ages
were the same (Farkas et al. 1983).
Discussion (Pineal Function)
Whether fluoride exposure causes decreased nocturnal melatonin production or altered
circadian rhythm of melatonin production in humans has not been investigated. As described
above, fluoride is likely to cause decreased melatonin production and to have other effects on
normal pineal function, which in turn could contribute to a variety of effects in humans. Actual
effects in any individual depend on age, sex, and probably other factors, although at present the
mechanisms are not fully understood.
OTHER ENDOCRINE ORGANS
The effects of fluoride exposure have been examined for several other endocrine organs,
including the adrenals, the pancreas, and the pituitary (for details, see Appendix E, Tables E-16
and E-17). Effects observed in animals include changes in organ weight, morphological changes
in tissues, increased mitotic activity, decreased concentrations of pituitary hormones, depressed
glucose utilization, elevated serum glucose, and elevated insulin-like growth factor-1 (IGF-1).
Effects reported in humans include “endocrine disturbances,” impaired glucose tolerance, and
elevated concentrations of pituitary hormones. Studies of the effects of fluoride on glucose
metabolism and in diabetic animals are discussed below; information on other effects is
extremely limited.

13

Probably the median age, although the text simply says “average.” Similar studies appear to use the term “average
age at menarche” to refer to the “estimated median age at menarche” (Anderson et al. 2003).
14
For comparison purposes, estimates of mean or median age at menarche for the white population in the United
States include 12.80 years for 1963-1970 (Anderson et al. 2003) and 12.55-12.7 years for 1988-1994 (Wu et al.
2002; Anderson et al. 2003; Chumlea et al. 2003).
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Animal Studies (Diabetic Animals)
Two studies have examined the effects of fluoride exposure in diabetic rats. In the first
study, Dunipace et al. (1996) compared male Zucker fatty diabetic rats and Zucker age-matched
controls given drinking water with fluoride at 5, 15, or 50 mg/L.15 For the physiological,
biochemical, and genetic variables that were monitored, no “measurable adverse effects” were
noted. Statistically significant differences with respect to fluoride intake (as opposed to
differences between normal and diabetic animals) were observed only for diabetic rats with
fluoride at 50 mg/L. No endocrinological parameters (e.g., PTH) were measured. Dunipace et
al. (1996) reported that fluoride intake, excretion, and balance were generally similar in this
study and in a previous study with Sprague-Dawley rats but that there were “strain-specific
differences in fluoride sensitivity”; these differences were not defined or explained. The Zucker
fatty diabetic rat is considered to be an animal model for human Type II (noninsulin-dependent)
diabetes mellitus, although the diabetic rats in this study did not experience renal insufficiency,
and the study was terminated before an age that might be more comparable to ages associated
with late-onset diabetes and diabetic complications in humans. The authors concluded that the
diabetic rats “were not at increased risk of fluorosis,” even though femoral fluoride
concentrations (2,700-9,500 µg/g in ash for diabetic rats given fluoride at 15 or 50 mg/L versus
2,500-3,600 in normal rats given fluoride at 50 mg/L) were in the range associated with fluorosis
in humans and exceeded concentrations of bone fluoride associated with decreased bone strength
in rabbits (6,500-8,000 ppm in ash; Turner et al. 1997); no basis for their conclusion was given.
In the second study, Boros et al. (1998) compared the effects of fluoride at 10 mg/L in
drinking water for 3 weeks on young female rats (Charles River, Wistar), either normal
(nondiabetic) or with streptozotocin-induced, untreated diabetes. An additional group of normal
rats was given an amount of fluoride in drinking water corresponding to the fluoride intake by
the diabetic rats (up to about 3 mg/day per rat). Both feed and water consumption increased
significantly in the diabetic rats (with and without fluoridated water); water consumption was
significantly higher in the diabetic rats on fluoridated water than in those on nonfluoridated
water. Fasting blood glucose concentrations were increased significantly in both diabetic groups,
but more so in the group on fluoridated water. Fluoride treatment of nondiabetic animals did not
cause any significant alteration in blood glucose concentrations. Plasma fluoride was higher, and
bone fluoride was lower, in diabetic than in nondiabetic animals given the same amount of
fluoride, indicating lower deposition of fluoride into bone and lower renal clearance of fluoride
in the diabetic animals. The increased kidney weight found in diabetic animals on
nonfluoridated water was not seen in the fluoride-treated diabetic animals. Additional
biochemical and hormonal parameters were not measured.
In contrast to the Zucker fatty diabetic rats in the study by Dunipace et al. (1996), the
streptozotocin-induced diabetic rats in this study (Boros et al., 1998) provide an animal model
considered representative of Type I (insulin-dependent) diabetes mellitus in humans. In these
rats, the general severity of the diabetes (blood glucose concentrations, kidney function, weight
loss) was worse in animals given fluoride at 10 mg/L in their drinking water. In both types of
diabetic rats, fluoride intake was very high because of the several-fold increase in water
consumption, and corresponding plasma, soft tissue, and bone fluoride concentrations were
elevated accordingly. Thus, any health effects related to plasma or bone fluoride concentrations,
15

These fluoride intakes were considered to be equivalent to intakes by humans of 1, 3, and 10 mg/L (Dunipace et al.
1996).
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for example, would be expected to occur in animals or humans with uncontrolled (or
inadequately controlled) diabetes at lower fluoride concentrations in drinking water than for
nondiabetics, because of the elevated water intakes. In addition, the results reported by Boros et
al. (1998) suggested that, for some situations (e.g., diabetes in which kidney function is
compromised), the severity of the diabetes could be increased with increasing fluoride exposure.
Animal Studies (Normal Animals)
Turner et al. (1997) reported a 17% increase in serum glucose in female rabbits given
fluoride in drinking water at 100 mg/L for 6 months. IGF-1 was also significantly increased
(40%) in these rabbits, but other regulators of serum glucose, such as insulin, were not measured.
The authors suggested that IGF-1 concentrations might have changed in response to changes in
serum glucose concentrations. Dunipace et al. (1995, 1998) found no significant differences
with chronic fluoride treatment in mean blood glucose concentrations in rats; specific data by
treatment group were not reported, and parameters such as insulin and IGF-1 were not measured.
Suketa et al. (1985) and Grucka-Mamczar et al. (2005) have reported increases in blood
glucose concentrations following intraperitoneal injections of NaF; Suketa et al. (1985) attributed
these increases to fluoride stimulation of adrenal function. Rigalli et al. (1990, 1992, 1995), in
experiments with rats, reported decreases in insulin, increases in plasma glucose, and disturbance
of glucose tolerance associated with increased plasma fluoride concentrations. The effect of high
plasma fluoride (0.1-0.3 mg/L) appeared to be transient, and the decreased response to a glucose
challenge occurred only when fluoride was administered before (as opposed to together with or
immediately after) the glucose administration (Rigalli et al. 1990). In chronic exposures, effects
on glucose metabolism occurred when plasma fluoride concentrations exceeded 0.1 mg/L (5
µmol/L) (Rigalli et al. 1992, 1995). The in vivo effect appeared to be one of inhibition of insulin
secretion rather than one of insulin-receptor interaction (Rigalli et al. 1990). Insulin secretion
(both basal and glucose-stimulated) by isolated islets of Langerhans in vitro was also inhibited as
a function of fluoride concentrations (Rigalli et al. 1990, 1995). Rigalli et al. (1990) pointed out
that recommended plasma fluoride concentrations for treatment of osteoporosis are similar to
those shown to affect insulin secretion.
Human Studies
Jackson et al. (1994) reported no differences in mean fasting blood glucose
concentrations between osteoporosis patients treated with fluoride and untreated controls,
although 3 of 25 treated individuals had values outside the normal range (versus 1 of 38
controls). No significant differences were found between groups of older adults with different
fluoride concentrations in drinking water in studies in China (Li et al. 1995; subjects described as
“healthy” adults) and the United States (Jackson et al. 1997), and all mean values were within
normal ranges.16 Glucose tolerance tests were not conducted in these studies.
Trivedi et al. (1993) reported impaired glucose tolerance in 40% of young adults with
endemic fluorosis, with fasting serum glucose concentrations related to serum fluoride
16

In the study by Jackson et al. (1997), samples were nonfasting; in the study by Li et al. (1995), it is not clear
whether samples were fasting or nonfasting.
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concentrations; the impaired glucose tolerance was reversed after 6 months of drinking water
with “acceptable” fluoride concentrations (<1 mg/L). It is not clear whether individuals with
elevated serum fluoride and impaired glucose tolerance had the highest fluoride intakes of the
group with endemic fluorosis or a greater susceptibility than the others to the effects of fluoride.
For all 25 endemic fluorosis patients examined, a significant positive correlation between serum
fluoride and fasting serum immunoreactive insulin (IRI) was observed, along with a significant
negative correlation between serum fluoride and fasting glucose/insulin ratio (Trivedi et al.
1993).
The finding of increased IRI contrasts with findings of decreased insulin in humans after
exposure to fluoride (Rigalli et al. 1990; de la Sota et al. 1997) and inhibition of insulin secretion
by rats, both in vivo and in vitro (Rigalli et al. 1990, 1995). However, the assay for IRI used by
Trivedi et al. (1993) could not distinguish between insulin and proinsulin, and the authors
suggested that the observed increases in both IRI and serum glucose indicate either biologically
inactive insulin—perhaps elevated proinsulin—or insulin resistance. Inhibition of one of the
prohormone convertases (the enzymes that convert proinsulin to insulin) would result in both
elevated proinsulin secretion and increased blood glucose concentrations and would be
consistent with the decreased insulin secretion reported by Rigalli et al. (1990, 1995) and de la
Sota et al. (1997). Although Turner et al. (1997) suggested fluoride inhibition of insulin-receptor
activity as a mechanism for increased blood glucose concentrations, Rigalli et al. (1990) found
no difference in response to exogenous insulin in fluoride-treated versus control rats, consistent
with no interference of fluoride with the insulin-receptor interaction.
Discussion (Other Endocrine Function)
More than one mechanism for diabetes or impaired glucose tolerance exists in humans,
and a variety of responses to fluoride are in keeping with variability among strains of
experimental animals and among the human population. The conclusion from the available
studies is that sufficient fluoride exposure appears to bring about increases in blood glucose or
impaired glucose tolerance in some individuals and to increase the severity of some types of
diabetes. In general, impaired glucose metabolism appears to be associated with serum or
plasma fluoride concentrations of about 0.1 mg/L or greater in both animals and humans (Rigalli
et al. 1990, 1995; Trivedi et al. 1993; de al Sota et al. 1997). In addition, diabetic individuals
will often have higher than normal water intake, and consequently, will have higher than normal
fluoride intake for a given concentration of fluoride in drinking water. An estimated 16-20
million people in the U.S. have diabetes mellitus (Brownlee et al. 2002; Buse et al. 2002;
American Diabetes Association 2004; Chapter 2); therefore, any role of fluoride exposure in the
development of impaired glucose metabolism or diabetes is potentially significant.
SUMMARY
The major endocrine effects of fluoride exposures reported in humans include elevated
TSH with altered concentrations of T3 and T4, increased calcitonin activity, increased PTH
activity, secondary hyperparathyroidism, impaired glucose tolerance, and possible effects on
timing of sexual maturity; similar effects have been reported in experimental animals. These
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effects are summarized in Tables 8-1 and 8-2, together with the approximate intakes or
physiological fluoride concentrations that have been typically associated with them thus far.
Table 8-2 shows that several of the effects are associated with average or typical fluoride intakes
of 0.05-0.1 mg/kg/day (0.03 with iodine deficiency), others with intakes of 0.15 mg/kg/day or
higher. A comparison with Chapter 2 (Tables 2-13, 2-14, and 2-15) will show that the 0.03-0.1
mg/kg/day range will be reached by persons with average exposures at fluoride concentrations of
1-4 mg/L in drinking water, especially the children. The highest intakes (> 0.1 mg/kg/d) will be
reached by some individuals with high water intakes at 1 mg/L and by many or most individuals
with high water intakes at 4 mg/L, as well as by young children with average exposures at 2 or 4
mg/L.
Most of the studies cited in this chapter were designed to ascertain whether certain effects
occurred (or in cases of skeletal fluorosis, to see what endocrine disturbances might be
associated), not to determine the lowest exposures at which they do occur or could occur.
Estimates of exposure listed in these tables and in Appendix E are, in most cases, estimates of
average values for groups based on assumptions about body weight and water intake. Thus,
individual responses could occur at lower or higher exposures than those listed. Although the
comparisons are incomplete, similar effects are seen in humans at much lower fluoride intakes
(or lower water fluoride concentrations) than in rats or mice, but at similar fluoride
concentrations in blood and urine. This is in keeping with the different pharmacokinetic
behavior of fluoride in rodents and in man (Chapter 3) and with the variability in intake,
especially for humans.
Thyroid Function
Fluoride exposure in humans is associated with elevated TSH concentrations, increased
goiter prevalence, and altered T4 and T3 concentrations; similar effects on T4 and T3 are
reported in experimental animals, but TSH has not been measured in most studies. In animals,
effects on thyroid function have been reported at fluoride doses of 3-6 mg/kg/day (some effects
at 0.4-0.6 mg/kg/day) when iodine intake was adequate (Table 8-1); effects on thyroid function
were more severe or occurred at lower doses when iodine intake was inadequate. In humans,
effects on thyroid function were associated with fluoride exposures of 0.05-0.13 mg/kg/day when
iodine intake was adequate and 0.01-0.03 mg/kg/day when iodine intake was inadequate (Table
8-2).
Several sets of results are consistent with inhibition of deiodinase activity, but other
mechanisms of action are also possible, and more than one might be operative in a given
situation. In many cases, mean hormone concentrations for groups are within normal limits, but
individuals may have clinically important situations. In particular, the inverse correlation
between asymptomatic hypothyroidism in pregnant mothers and the IQ of the offspring (Klein et
al. 2001) is a cause for concern. The recent decline in iodine intake in the United States (CDC
2002d; Larsen et al. 2002) could contribute to increased toxicity of fluoride for some individuals.
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Not available.
ppm.
c
Serum.
d
Plasma.

a

Altered calcitonin activity
Altered melatonin
production; altered timing
of sexual maturity
Inhibited parathyroid
function
Increased serum glucose;
increased severity of
diabetes
Increased parathyroid
hormone concentrations,
secondary
hyperparathyroidism

End Point
Altered thyroid function
(altered T4 and T3
concentrations)

NA
NA
NA

NA
0.1-0.7c,d
≥ 0.2c

5.4
7-10.5
9-10

NA
NA

Fluoride in
Urine, mg/L
≥ 6 (possibly
≥ 2-3)

NA
NA

Fluoride in Serum or
Plasma, mg/L
NAa

2
3.7

Fluoride Intake,
mg/kg/day
3-6 (lower with
iodine deficiency)

2,700-3,200

>1,000

NA

3,200-3,500b
2,800

Fluoride in Bone,
ppm in ash
≥2,400

Rigalli et al. 1990, 1992, 1995;
Turner et al. 1997; Boros et al.
1998
Faccini and Care 1965;
Chavassieux et al. 1991

Rosenquist et al. 1983

Key References
Stolc and Podoba 1960; Bobek et
al. 1976; Hillman et al. 1979;
Guan et al. 1988; Zhao et al.
1998; Cinar and Selcuk 2005
Rantanen et al. 1972
Luke 1997

TABLE 8-1 Summary of Major Observed Endocrine Effects of Fluoride in Experimental Animals, with Typical Associated Intakes
and Physiological Fluoride Concentrations
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Impaired glucose tolerance in
some individuals
Increased parathyroid hormone
concentrations, secondary
hyperparathyroidism, in some
individuals

Elevated calcitonin
concentrations
Goiter prevalence ≥ 20%

Altered thyroid function
(altered T4 and/or T3
concentrations)
Elevated TSH concentrations

End Point

0.15-0.87

0.07-0.13
(≥ 0.01 with iodine
deficiency)
0.07-0.4

Fluoride Intake,
mg/kg/daya
0.05-0.1
(0.03 with iodine
deficiency)
0.05-0.1
(0.03 with iodine
deficiency)
0.06-0.87
≥2
2.2-18.5 mg/day
NA
2-8

≥0.25a
0.11-0.26b
NAc
0.08a
0.1-0.3b
0.14-0.45b
3-18.5 mg/day

Fluoride in
Urine, mg/L
2.4

Fluoride in
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≥0.25a

Rigalli et al. 1990, 1995; Trivedi et al. 1993; de la
Sota 1997
Juncos and Donadio 1972; Teotia and Teotia 1973;
Larsen et al. 1978; Teotia et al. 1978; Duursma et
al. 1987; Dandona et al. 1988; Stamp et al. 1988,
1990; Pettifor et al. 1989; Srivastava et al. 1989;
Dure-Smith et al. 1996; Gupta et al. 2001

Day and Powell-Jackson 1972; Desai et al. 1993;
Jooste et al. 1999

Teotia et al. 1978

Bachinskii et al. 1985; Lin et al. 1991; Yang et al.
1994; Susheela et al. 2005

Key References
Bachinskii et al. 1985; Lin et al. 1991; Yang et al.
1994; Michael et al. 1996; Susheela et al. 2005

TABLE 8-2 Summary of Major Observed Endocrine Effects of Fluoride in Humans, with Typical Associated Intakes and
Physiological Fluoride Concentrations
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Thyroid Parafollicular Cell Function
Only one study has reported calcitonin concentrations in fluoride-exposed individuals.
This study found elevated calcitonin in all patients with fluoride exposures above about 0.15
mg/kg/day and in one patient with a current intake of approximately 0.06 mg/kg/day (Table 8-2);
these exposures corresponded to plasma fluoride concentrations of 0.11-0.26 mg/L. Results
attributed to altered calcitonin activity have also been found in experimental animals at a fluoride
exposure of 2 mg/kg/day (Table 8-1). It is not clear whether elevated calcitonin is a direct or
indirect result of fluoride exposure, nor is it clear what the clinical significance of elevated
calcitonin concentrations might be in individuals.
Parathyroid Function
In humans, depending on the calcium intake, elevated concentrations of PTH are
routinely found at fluoride exposures of 0.4-0.6 mg/kg/day and at exposures as low as 0.15
mg/kg/day in some individuals (Table 8-2). Similar effects and exposures have been found in a
variety of human studies; these studies indicate that elevated PTH and secondary
hyperparathyroidism occur at fluoride intakes higher than those associated with other endocrine
effects. In the single study that measured both calcitonin and PTH, all individuals with elevated
PTH also had elevated calcitonin, and several individuals had elevated calcitonin without
elevated PTH (Teotia et al. 1978). Elevated concentrations of PTH and secondary
hyperparathyroidism have also been reported at fluoride intakes of 9-10 mg/kg/day (and as low
as 0.45-2.3 mg/kg/day in one study) in experimental animals (Table 8-1). One animal study
found what appears to be inhibition of the normal parathyroid response to calcium deficiency at a
fluoride intake of 5.4 mg/kg/day.
As with calcitonin, it is not clear whether altered parathyroid function is a direct or
indirect result of fluoride exposure. An indirect effect of fluoride by causing an increased
requirement for calcium is probable, but direct effects could occur as well. Also, although most
individuals with skeletal fluorosis appear to have elevated PTH, it is not clear whether
parathyroid function is affected before development of skeletal fluorosis or at lower
concentrations of fluoride exposure than those associated with skeletal fluorosis. Recent U.S.
reports of nutritional (calcium-deficiency) rickets associated with elevated PTH (DeLucia et al.
2003) suggest the possibility that fluoride exposure, together with increasingly calcium-deficient
diets, could have an adverse impact on the health of some individuals.
Pineal Function
The single animal study of pineal function indicates that fluoride exposure results in
altered melatonin production and altered timing of sexual maturity (Table 8-1). Whether fluoride
affects pineal function in humans remains to be demonstrated. The two studies of menarcheal
age in humans show the possibility of earlier menarche in some individuals exposed to fluoride,
but no definitive statement can be made. Recent information on the role of the pineal organ in
humans suggests that any agent that affects pineal function could affect human health in a variety
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of ways, including effects on sexual maturation, calcium metabolism, parathyroid function,
postmenopausal osteoporosis, cancer, and psychiatric disease.
Glucose Metabolism
Increased serum glucose and increased severity of existing diabetes have been reported in
animal studies at fluoride intakes of 7-10.5 mg/kg/day (Table 8-1). Impaired glucose tolerance
in humans has been reported in separate studies at fluoride intakes of 0.07-0.4 mg/kg/day,
corresponding to serum fluoride concentrations above about 0.1 mg/L. The primary mechanism
appears to involve inhibition of insulin production.
General Considerations
The available studies of the effects of fluoride exposure on endocrine function have
several limitations. In particular, many studies did not measure actual hormone concentrations,
several studies did not report nutritional status (e.g., iodine or calcium intake), and, for thyroid
function, other possible goitrogenic factors have not been ruled out. Most studies have too few
exposure groups, with, for example, the “high”-fluoride group in one study having lower
concentrations of fluoride in drinking water than the “normal” fluoride group in another study.
In general, the human exposures are not well characterized. Nevertheless, there is consistency
among the available studies in the types of effects seen in humans and animals and in the
concentrations or fluoride exposures associated with the effects in humans.
For all the endocrine effects reported to occur from fluoride exposure, the variability in
exposure and response among populations (or strains of an experimental animal) or within a
human population requires further attention. For example, correlations between the fluoride
intake or the presence or degree of fluorosis and the presence (or prevalence) or severity of other
effects generally have not been examined on an individual basis, which could permit
identification of individual differences in susceptibility or response. Several reports have
identified subgroups within an exposed population or group, in terms of the response observed,
even when group means are not statistically different.
Variability in response to fluoride exposures could be due to differences in genetic
background, age, sex, nutrient intake (e.g., calcium, iodine, selenium), general dietary status, or
other factors. Intake of nutrients such as calcium and iodine often is not reported in studies of
fluoride effects. The effects of fluoride on thyroid function, for instance, might depend on
whether iodine intake is low, adequate, or high, or whether dietary selenium is adequate. Dietary
calcium affects the absorption of fluoride (Chapter 3); in addition, fluoride causes an increase in
the dietary requirements for calcium, and insufficient calcium intake increases fluoride toxicity.
Available information now indicates a role for aluminum in the interaction of fluoride on the
second messenger system; thus, differences in aluminum exposure might explain some of the
differences in response to fluoride exposures among individuals and populations.
The clinical significance of fluoride-related endocrine effects requires further attention.
For example, most studies have not mentioned the clinical significance for individuals of
hormone values out of the normal range, and some studies have been limited to consideration of
“healthy” individuals. As discussed in the various sections of this chapter, recent work on
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borderline hormonal imbalances and endocrine-disrupting chemicals indicates that significant
adverse health effects, or an increased risk for development of clearly adverse health outcomes,
could be associated with seemingly mild imbalances or perturbations in hormone concentrations
(Brucker-Davis et al. 2001). In addition, the different endocrine organs do not function entirely
separately: thyroid effects (especially elevated TSH) may be associated with parathyroid effects
(Stoffer et al. 1982; Paloyan Walker et al. 1997), and glucose metabolism may be affected by
thyroid or parathyroid status (e.g., McCarty and Thomas 2003; Procopio and Borretta 2003;
Cettour-Rose et al. 2005). Adverse effects in individuals might occur when hormone
concentrations are still in the normal ranges for a population but are low or high for that
individual (Brucker-Davis et al. 2001; Belchetz and Hammond 2003). Some investigators
suggest that endocrine-disrupting chemicals could be associated with nonmonotonic doseresponse curves (e.g., U-shaped or inverted-U-shaped curves resulting from the superimposition
of multiple dose-response curves) and that a threshold for effects cannot be assumed (Bigsby et
al. 1999; Brucker-Davis et al. 2001).
In summary, evidence of several types indicates that fluoride affects normal endocrine
function or response; the effects of the fluoride-induced changes vary in degree and kind in
different individuals. Fluoride is therefore an endocrine disruptor in the broad sense of altering
normal endocrine function or response, although probably not in the sense of mimicking a
normal hormone. The mechanisms of action remain to be worked out and appear to include both
direct and indirect mechanisms, for example, direct stimulation or inhibition of hormone
secretion by interference with second messenger function, indirect stimulation or inhibition of
hormone secretion by effects on things such as calcium balance, and inhibition of peripheral
enzymes that are necessary for activation of the normal hormone.
RECOMMENDATIONS
• Further effort is necessary to characterize the direct and indirect mechanisms of
fluoride’s action on the endocrine system and the factors that determine the response, if any, in a
given individual. Such studies would address the following:
— the in vivo effects of fluoride on second messenger function
— the in vivo effects of fluoride on various enzymes
— the integration of the endocrine system (both internally and with other systems
such as the neurological system)
— identification of those factors, endogenous (e.g., age, sex, genetic factors, or
preexisting disease) or exogenous (e.g., dietary calcium or iodine concentrations, malnutrition),
associated with increased likelihood of effects of fluoride exposures in individuals
— consideration of the impact of multiple contaminants (e.g., fluoride and
perchlorate) that affect the same endocrine system or mechanism
— examination of effects at several time points in the same individuals to identify
any transient, reversible, or adaptive responses to fluoride exposure.
• Better characterization of exposure to fluoride is needed in epidemiology studies
investigating potential endocrine effects of fluoride. Important exposure aspects of such studies
would include the following:
— collecting data on general dietary status and dietary factors that could influence the
response, such as calcium, iodine, selenium, and aluminum intakes
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— characterizing and grouping individuals by estimated (total) exposure, rather than
by source of exposure, location of residence, fluoride concentration in drinking water, or other
surrogates
— reporting intakes or exposures with and without normalization for body weight
(e.g., mg/day and mg/kg/day), to reduce some of the uncertainty associated with comparisons of
separate studies
— addressing uncertainties associated with exposure and response, including
uncertainties in measurements of fluoride concentrations in bodily fluids and tissues and
uncertainties in responses (e.g., hormone concentrations)
— reporting data in terms of individual correlations between intake and effect,
differences in subgroups, and differences in percentages of individuals showing an effect and not
just differences in group or population means.
— examining a range of exposures, with normal or control groups having very low
fluoride exposures (below those associated with 1 mg/L in drinking water for humans).
• The effects of fluoride on various aspects of endocrine function should be examined
further, particularly with respect to a possible role in the development of several diseases or
mental states in the United States. Major areas for investigation include the following:
— thyroid disease (especially in light of decreasing iodine intake by the U.S.
population);
— nutritional (calcium-deficiency) rickets;
— calcium metabolism (including measurements of both calcitonin and PTH);
— pineal function (including, but not limited to, melatonin production); and
— development of glucose intolerance and diabetes.

9
Effects on the Gastrointestinal, Renal,
Hepatic, and Immune Systems

This chapter evaluates the effects of fluoride on the gastrointestinal system (GI), the
kidney, the liver, and the immune system, focusing primarily on new data that have been
generated since the earlier NRC (1993) review. Studies that involved exposures to fluoride in
the range of 2-4 milligrams per liter (mg/L) are emphasized, so that the safety of the maximum
contaminant level goal (MCLG) can be evaluated.
GI SYSTEM
Fluoride occurs in drinking water primarily as free fluoride. When ingested some
fluorides combine with hydrogen ions to form hydrogen fluoride (HF), depending on the pH of
the contents of the stomach (2.4% HF at pH 5; 96% HF at pH 2). HF easily crosses the gastric
epithelium, and is the major form in which fluoride is absorbed from the stomach (see Chapter
3). Upon entering the interstitial fluid in the mucosa where the pH approaches neutrality, HF
dissociates to release fluoride and hydrogen ions which can cause tissue damage. Whether
damage occurs depends on the concentrations of these ions in the tissue. It appears that an HF
concentration somewhere between 1.0 and 5.0 mmol/L (20 and 100 mg/L), applied to the
stomach mucosa for at least 15 minutes, is the threshold for effects on the function and structure
of the tissue (Whitford et al. 1997). Reported GI symptoms, such as nausea, may not be
accompanied by visible damage to the gastric mucosa. Thus, the threshold for adverse effects
(discomfort) is likely to be lower than that proposed by Whitford et al. This review is concerned
primarily with the chronic ingestion of fluoride in drinking water containing fluoride at 2-4
mg/L. Single high doses of ingested fluoride are known to elicit acute GI symptoms, such as
nausea and vomiting, but whether chronic exposure to drinking water with fluoride at 4 mg/L can
elicit the same symptoms has not been documented well.
The primary symptoms of GI injury are nausea, vomiting, and abdominal pain (see Table
9-1). Such symptoms have been reported in case studies (Waldbott 1956; Petraborg 1977) and in
a clinical study involving double-blind tests on subjects drinking water artificially fluoridated at
1.0 mg/L (Grimbergen 1974). In the clinical study, subjects were selected whose GI symptoms
appeared with the consumption of fluoridated water and disappeared when they switched to
nonfluoridated water. A pharmacist prepared solutions of sodium fluoride (NaF) and sodium
silicofluoride (Na2SiF6) so that the final fluoride ion concentrations were 1.0 mg/L. Eight bottles
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250 mg/L, (based on
50-mL ingestion)

Symptoms reported in
22 subjects during
accidental overfeed in
school water supply.

Acute fluoride toxicity
of the gastric epithelium.

Fluoride concentrations
in water were 93.5 and
375 mg/L.
68% of the children had
gastrointestinal upset.
Fluoride concentration
in water was 1,041
mg/L.
91% of the subjects had
nausea and vomiting.

Acute fluoride toxicity
of the gastric epithelium.

Low daily dose; cluster
of subjects selected on
the basis of symptoms.

Possible gastrointestinal
hypersensitivity.

Fatigue, pruritis,
polydipsia, headaches,
and gastrointestinal
symptoms.

Symptoms resolved after
problem was corrected;
doses of fluoride in
mg/kg were not
reported.
Only small amounts of
the beverages made with
the school’s water were
consumed.

Low daily dose of
fluoride; self-reporting
of symptoms.

Possible gastrointestinal
hypersensitivity.

Comments
Low daily dose of
fluoride; cluster of
subjects selected on the
basis of symptoms.

Stomach cramps,
abdominal pain, and
nausea resolved when
patients stopped
drinking fluoridated
water.
50% of subjects had
stomach and intestinal
symptoms; 30% had
stomatitis.

Case reports of patients
(n = 52) drinking
artificially fluoridated
water.

Application/Proposed
Mechanisms
Possible gastrointestinal
hypersensitivity.

Findings

Study Design

Double-blinded test of
patients
(n = 60) drinking
artificially fluoridated
water in Haarlem,
Netherlands.
1.0 mg/L
Case reports of
symptoms in subjects (n
= 20) drinking
fluoridated water in
Milwaukee.
Water Fluoridation Accidents
75-300 mg/Lb (range Symptoms reported in
due to differences
34 children during
found in 2 fluoride
accidental overfeed in
feeders)
school water supply.

1.0 mg/L

Approximate
Concentration of
Fluoride in the
Stomacha
Water Fluoridation
1.0 mg/L

TABLE 9-1 Studies of Gastrointestinal Effects in Humans

Vogt et al.
1982

Hoffman et
al. 1980

Petraborg
1977

Grimbergen
1974

Waldbott
1956

Reference
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Symptoms reported in
47 residents of a town
during accidental
fluoride overfeed of the
water supply.

Symptoms reported in
39 patrons of a
restaurant who
consumed water or ice
during an overfeed
accident.
Symptoms reported in 7
school children during
accidental overfeed.

150 mg/L (assuming
no dilution with
stomach fluid)

20-30 mg/L (based
on 100-mL ingestion)

46-69 mg/L

Symptoms reported in
321 subjects during
accidental overfeed in
water supply.

41 mg/L

Of the 160 persons who
drank water; 52% had
gastroenteritis. Only 2%
of subjects who did not
drink water reported
gastroenteritis. Itching
and skin rash also
reported. Fluoride
concentration in water
peaked at 51 mg/L.
90% had nausea,
vomiting, diarrhea,
abdominal pains, or
numbness or tingling of
the face or extremities.
One person in the town
died. Fluoride
concentration in water
was 150 mg/L.
34 subjects had acute
gastrointestinal illness in
a 24-hour period after
exposure. Fluoride
concentration in water
was 40 mg/L.
Nausea and vomiting.
Fluoride concentration
in water was 92 mg/L.
Gessner et
al. 1994

Death occurred due to
nausea, vomiting,
diarrhea, and repeated
ingestion of water (large
acute dose).

Symptoms resolved after Penman et
problem was corrected;
al. 1997
dose of fluoride was not
reported but was
estimated to be 3 mg/kg.
Dose in mg/kg was not
reported.

Acute fluoride toxicity
of the gastric epithelium.

Acute fluoride toxicity
of the gastric epithelium.

Acute fluoride toxicity
of the gastric epithelium.

Sidhu and
Kimmer
2002
(Continued)

Petersen et
al. 1988

Acute fluoride toxicity
of the gastric epithelium.
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Symptoms observed in
10 patients with
otosclerosis treated with
NaF at 30 mg/day for 312 months.

136 ppm (calculated
from on 30 mg of
NaF ingested in 100
mL of stomach fluid)

Petechiae and erosion
found in 7 of 10
subjects. Surface
epithelium was most
affected portion of the
mucosa.
7 subjects had
abdominal pains,
vomiting, and nausea.
Endoscopy revealed
petechiae, erosion, and
erythema. Histological
exams showed chronic
atrophic gastritis in all
patients and in only one
of the controls.

1% of cases had
dermatologic,
gastrointestinal, and
neurologic effects.
Comparisons with
controls treated with
binder placebo tablets
established the effects to
be from fluoride and not
the binder.

Symptoms reported in
pregnant women and
their children from birth
to 9 years taking NaF
(1.2 mg) supplements.
672 cases (461 controls)

Symptoms observed in
10 adult volunteers who
ingested 3 g of gel
containing fluoride at
0.42% (4,200 mg/L).

Findings

Study Design

20 ppm, (assuming
100 of mL stomach
fluid)

Approximate
Concentration of
Fluoride in the
Stomach
Other Exposures
5 ppm

TABLE 9-1 Continued

Das et al.
1994

Acute fluoride toxicity
of the gastric epithelium.

Feltman and
Kosel 1961

Reference

Spak et al.
1990

Comments

Details of clinical trial
(e.g., randomization,
stratification) not
reported; dose in mg/kg
was not reported;
gastrointestinal systems
were probably worse in
small children (due to
higher dose per
kilogram of body
weight).
Acute fluoride toxicity
Approximately 10% of a
of the gastric epithelium. probably toxic dose.

Chronic or acute
toxicity.

Application/Proposed
Mechanisms
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Evaluation of reports to
the American
Association of Poison
Control Centers of
suspected overingestion
of fluoride to estimate
toxic amounts of homeuse fluoride products.

Authors estimate a
“probably toxic dose” of
fluoride to children less
than 6 years of age to be
50 mg. That dose was
based on examples of a
10-kg child ingesting
10.1 g of 1.1% NaF gel;
32.7 g of 0.63% SnF2
gel; 33.3 g of toothpaste
with 1,500 ppm of
fluoride; 50 g of
toothpaste with 1,000
ppm of fluoride; or 221
mL of 0.05% NaF rinse.

Acute fluoride toxicity
Similar total acute doses
of the gastric epithelium. as the water fluoridation
overfeed accidents.
Shulman
and Wells
1997

In most studies, the concentration of fluoride in the stomach was not determined, so estimates were made by the committee. The actual concentrations could
vary widely depending on the volume in the stomach and the rate of gastric secretions. The latter could also vary depending on the effect of fluoride (or any
other agent) on the secretory process.
b
Estimated from ingesting 400 mL of fluoridated water (unless dose was reported) diluted 0.8 with 100 mL of stomach fluid with fluoride at 1 mg/: (empty
stomach).

a

200 ppm (using the
0.05% NaF
mouthwash example)
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of water were prepared with either fluoridated water or distilled water. Patients were instructed
to use one bottle at a time for 2 weeks. They were asked to record their symptoms throughout
the study period. Neither patient nor physician administering the water knew which water
samples were fluoridated until after the experiments were completed. The fluoridation chemicals
added to the water at the time of the experiments were likely the best candidates to produce these
symptoms. Despite those well-documented case reports, the authors did not estimate what
percentage of the population might have GI problems. The authors could have been examining a
group of patients whose GI tracts were particularly hypersensitive. The possibility that a small
percentage of the population reacts systemically to fluoride, perhaps through changes in the
immune system, cannot be ruled out (see section on the immune system later in this chapter).
Perhaps it is safe to say that less than 1% of the population complains of GI symptoms
after fluoridation is initiated (Feltman and Kosel 1961). The numerous fluoridation studies in the
past failed to rigorously test for changes in GI symptoms and there are no studies on drinking
water containing fluoride at 4 mg/L in which GI symptoms were carefully documented.
Nevertheless, there are reports of areas in the United States where the drinking water contains
fluoride at concentrations greater than 4 mg/L and as much as 8 mg/L (Leone et al. 1955b).
Symptoms of GI distress or discomfort were not reported. In the United Kingdom, where tea
drinking is more common, people can consume up to 9 mg of fluoride a day (Jenkins 1991). GI
symptoms were not reported in the tea drinkers. The absence of symptoms might be related to
the hardness of the water, which is high in some areas of the United Kingdom. Jenkins (1991)
reported finding unexpectedly high concentrations of fluoride (as high as 14 mg/L) in soft water
compared with hard water when boiled. In contrast, in India, where endemic fluorosis is well
documented, severe GI symptoms are common (Gupta et al. 1992; Susheela et al. 1993;
Dasarathy et al. 1996). One cannot rule out the influence of poor nutrition (the absence of
dietary calcium in the stomach) contributing to the GI upset from fluoride ingestion. Chronic
ingestion of drinking water rich in fluoride on an empty stomach is more likely to elicit
symptoms.
GI Symptoms Relating to the Concentration of Fluoride Intake
It is important to realize that GI effects depend more on the net concentration of the
aqueous solution of fluoride in the stomach than on the total fluoride dose in the fluid or solid
ingested. The presence of gastric fluids already in the stomach when the fluoride is ingested can
affect the concentration of the fluoride to which the gut epithelium is exposed. The residual
volume of stomach fluid ranges between 15 and 30 mL in people fasting overnight (Narchi et al.
1993; Naguib et al. 2001; Chang et al. 2004). Such volumes would decrease the fluoride
concentration of a glass of drinking water by only about 10%. In Table 9-1, the concentrations
of fluoride in the stomach were estimated from the mean reported fluoride exposures. A dilution
factor was used when it was clear that the subjects already had fluid in their stomach. The
results from the water fluoridation overfeed reports (concentrations of fluoride in the stomach
between 20 and 250 mg/L) indicate that GI symptoms, such as nausea and vomiting, are
common side effects from exposure to high concentrations of fluoride.
Fluoride supplements are still routinely used today in areas where natural fluoride in the
drinking water falls below 0.7 mg/L. In an early clinical trial using fluoride supplements,
Feltman and Kosel (1961) administered fluoride tablets containing 1.2 mg of fluoride or placebo
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tablets to pregnant mothers and children up to 9 years of age. They determined that about 1% of
the subjects complained of GI symptoms from the fluoride ingredient in the test tablets. If it is
assumed that the stomach fluid volume after taking the fluoride supplement was approximately
250 mL, the concentration to which the stomach mucosal lining was exposed was in the
neighborhood of 5 mg/L. GI effects appear to have been rarely evaluated in the fluoride
supplement studies that followed the early ones in the 1950s and 1960s. Table 9-1 suggests that,
as the fluoride concentration increases in drinking water, the percentage of the population with
GI symptoms also increases. The table suggests that fluoride at 4 mg/L in the drinking water
results in approximately 1% of the population experiencing GI symptoms (see Feltman and
Kosel 1961).
Chronic Moderate Dose Ingestion of Fluoride
It is clear from the fluoride and osteoporosis clinical trial literature (also see Chapter 5)
that gastric side effects were common in these studies (e.g., Mamelle et al. 1988; Hodsman and
Drost 1989; Kleerekoper and Mendlovic 1993). Slow-release fluorides and calcium
supplementation helped to reduce GI side effects (Kleerekoper and Mendlovic 1993; Das et al.
1994; Haguenauer et al. 2000). In areas of endemic fluorosis, such as parts of India, most
subjects suffer from GI damage and adverse GI symptoms (Gupta et al. 1992; Susheela et al.
1993; Dasarathy et al. 1996). In one study (Susheela et al. 1993), every fourth person exposed to
fluoride in drinking water (<1 to 8 mg/L) reported adverse GI symptoms. The results from these
studies cannot be compared with the water fluoridation studies summarized in Table 9-1, because
in the osteoporosis trials fluoride was nearly always administered as enteric coated tablets along
with calcium supplements and the nutrition status of populations in endemic fluorosis areas is
different from that in the United States.
Fluoride Injury Mechanisms in the GI Tract
Because 1% of the population is likely to experience GI symptoms, and GI symptoms are
common in areas of endemic fluorosis, especially where there is poor nutrition (Gupta et al.
1992; Susheela et al. 1993; Dasarathy et al. 1996), it is important to understand the biological
and physiological pathways for the effects of fluoride on the GI system. Those mechanisms have
been investigated in many animal studies. In those studies, the concentrations of fluoride used
were generally 100- to 1,000-fold higher than what occurs in the serum of subjects drinking
fluoridated water. Although some tissues encounter enormous elevations in fluoride
concentrations relative to the serum (e.g., kidney, bone), it is unlikely that the gut epithelium
would be exposed to millimolar concentrations of fluoride unless there has been ingestion of
large doses of fluoride from acute fluoride poisoning. During the ingestion of a large acute dose
of fluoride such as fluoride-rich oral care products, contaminated drinking water during
fluoridation accidents, and fluoride drugs for the treatment of osteoporosis, the consumption of
large amounts of drinking water containing fluoride at 4 mg/L would serve only to aggravate the
GI symptoms. Animal studies (see Table 9-2) have provided some important information on the
mechanisms involved in GI toxicity from fluoride. Fluoride can stimulate secretion of acid in the
stomach (Assem and Wan 1982; Shayiq et al. 1984), reduce blood flow away from the stomach

Isolated distended stomachs were
treated with NaF at various
concentrations (1-10 mM NaF).

Isolated gastric chief cells treated
with NaF (0-30 mM).

Electronic chloride secretion by the
jejunum was assessed by measuring
short-circuit current variations
(∆Isc) due to alterations in ionic
transport.

Mouse

Guinea pig

Rabbit

Species
Study
In Vitro Studies
Rat
Circular muscle strips from the
colons of colitic rats were treated
with 10 mM NaF. Colitis was
experimentally induced by
intracolonic instillation of acetic
acid.

NaF induced a transient increase in
Isc at >5 mM; inhibited the
antisecretory effect of peptide PYY
and its analog P915 at 2 mM and
decreased the stimulation of
secretion by forskolin and dibutyryl
cAMP by 50% at 2 mM. At 5 mM,
inhibition of protein kinase C by
bisindolylmaleimide caused a
sustained increase in Isc.

Assem and
Wan 1982

Fluoride might contribute to excess
acid production in gastrointestinal
tract.

Eto et al. 1996

Nakano et al.
1990

Myers et al.
1997

Purpose of the study was to
investigate whether colitis-induced
decreases in the contraction of
colonic smooth muscle is due to
alteration in the excitationcontraction-coupling process at a
site distal to receptor occupancy.
Decrease in contractility might be
due to impaired utilization of
intracellular calcium.

NaF-induced contractions were
significantly reduced in tissues
from colitic rats compared with
controls on days 2 and 3 postenema
but not 14 days after enema.
Results suggest that colitis alters
smooth muscle contractility by
disturbing elements in the signal
transduction pathway distal to
receptor activation of the G
proteins.
Dose-related stimulation of H+ ion
secretion. Stimulation of H+ ion
secretion might be due to histamine
release and increased formation of
cyclic AMP (cAMP) in the gastric
mucosa.
NaF increased intracellular
diacylglycerol and Ca2+; 0.1 mM
AlCl3 increased the effect of NaF.
Possible activation of a pertussistoxin insensitive G protein coupled
to a signal transducing mechanism.
Action appears to be distinct from
that activated by cholecystokinin.
NaF might reduce PYY-induced
inhibition via a G-proteindependent and a G-proteinindependent functional pathway.

Reference

Possible Mechanisms/Comments

Findings

TABLE 9-2 Animal Studies of Gastrointestinal Effects and Mechanisms of Fluoride
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Effect of NaF on the transport of
bovine serum albumin across the
distal and proximal colonic
epithelium.

Rabbit

1 or 10 mM NaF (in 0.1 M HCl)
placed in rat stomach for 1 hour.

1, 10, or 50 mM NaF (in 0.1 M
HCl) placed in rat stomach.

100 mM NaF and 50 mM CaF2
intragastrically.

Rat

Rat

Rat

In Vivo Studies
Rat
25 mg/kg in drinking water for 60
days.

Fluoride transport in intestinal
brush border membrane vesicles
examined.

Rabbit

Concentration- and time-dependent
histological damage to the surface
mucous cells.
At 10 mM, desquamation of the
surface mucous epithelial cells. At
50 mM, substantial damage to cells
around the gastric gland openings
and interfoveolar cell loss.
NaF-treated rats had extensive
desquamation and cell injury.
CaF2-treated animals showed some
desquamation and decrease in
secretory activity.

Increased gastric acidity and output.

Fluoride uptake by brush border
membrane vesicles occurred rapidly
and with an overshoot only in the
presence of an inward-directed
proton gradient.
Transport of bovine serum albumin
was significantly reduced by NaF.

Injury to stomach lining might
affect secretion.

Elevation of cAMP concentrations
in the gastric mucosa can stimulate
H+ output, which might account for
gastric symptoms reported in
endemic fluorosis areas or from
occupational exposure by
inhalation.
The higher concentration of NaF
increased gastric permeability to
small but not large molecules.
Possible toxicity of the gut
epithelium.

Fluoride transport occurs via a
carrier-mediated process that might
involve cotransport of fluoride with
H+ or exchange of fluoride with
OHFluoride affected transport
mechanisms in the colon.

(Continued)

Kertesz et al.
1989

Easmann et al.
1984

Pashley et al.
1984

Shayiq et al.
1984

Hardin et al.
1999

He et al. 1998
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300 mg/L in drinking water for 6
months.

Stomachs of rats were instilled with
5 and 20 mM NaF for 1 hour.

NaF at 100 mg/L in drinking water
for 30 days.

10 mg/kg/day by gavage for 2
years.

Rat

Rat

Mouse

Rabbit

Species
Study
In Vivo Studies (continued)
Rat
Single oral dose of NaF at 300
mg/kg.

TABLE 9-2 Continued

Authors suggest that NaF
accumulates with acid and acts as a
barrier-breaking agent, rather than
as a mucus-secretion stimulating
agent.

Redness in the pyloric region of the
stomach and intestine is likely due
to a relaxation of the small veins,
resulting in an accumulation of
circulating blood in the mucosa of
the intestinal tract.
Chronic fluoride toxicity of the gut
epithelium.

Reduced blood flow from the
stomach, reduced blood calcium,
dilated blood vessels in the
stomach, and redness.
Gross lesions of the stomach in
male rats. Diffuse mucosal
hyperplasia with cellular necrosis in
female rats.
Increased output of fluid, fucose,
and galactose; marked reduction of
titratable acidity of the lumen was
pH dependent; and reduced amount
of Alcian blue was bound to
adherent mucus in a pHindependent manner.
Organosomatic index decreased.
Histopathologic changes of the
intestine included increased number
of goblet cells in the villi and
crypts, cytoplasmic degranulation
and vacuolation, nuclear pyknosis,
abnormal mitosis, and lymphatic
infiltration of submucosa and
lamina propria.
Morphologic abnormalities
observed in all treated animals.
“Cracked-clay” appearance of the
microvilli surface of the duodenal
epithelium and epithelial cell
degeneration.

Possible Mechanisms/Comments

Findings

Susheela and
Das 1988

Sondhi et al.
1995

Gharzouli et
al. 2000

NTP 1990

Fujii and
Tamura 1989

Reference
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Rabbits were given subcutaneous
injections of 5, 10, 20, and 20
mg/kg/day for 15 weeks, and the
duodenum was examined by
histology.

Stomach mucosa with vascular
supply intact was exposed to 1, 5,
10, 50, and 100 mM fluoride in
different experiments.

Rabbit

Dog

Erosion and cell death of the
surface mucosa, hemorrhage, cell
death of Brunner’s gland, clumped
submucosa, and hypertrophy of
muscles in muscularis mucosae.
Loss of mucosal layer was in direct
proportion to NaF exposure.
At 5 and 10 mM fluoride, marked
increases in the fluxes of water and
sodium potassium, and hydrogen
ions, mucus secretion, and tissue
swelling and redness observed.
Histopathologic exams showed
marked thinning of the surface cell
layer, reduced uptake of periodic
acid Schiff stain, localized
exfoliation and necrosis of surface
cells, acute gastritis, and edema.

Shashi 2002

Whitford et al.
1997

Injury to the intestine caused by cell
death in the mucosal lining.

Authors concluded that the
threshold for effects on the structure
and function of the gastric mucosa
was approximately 1 mM fluoride.
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lining, dilate blood vessels, increase redness of the stomach lining (Fujii and Tamura 1989;
Whitford et al. 1997), and cause cell death and desquamation of the GI tract epithelium
(Easmann et al. 1984; Pashley et al. 1984; Susheela and Das 1988; Kertesz et al. 1989; NTP
1990; Shashi 2002).
Because fluoride is a known inhibitor of several metabolic intracellular enzymes, it is not
surprising that, at very high exposures, there is cell death and desquamation of the GI gut
epithelium wall. The mechanisms involved in altering secretion remain unknown but are likely
the result of fluoride’s ability to activate guanine nucleotide regulatory proteins (G proteins)
(Nakano et al. 1990; Eto et al. 1996; Myers et al. 1997). Whether fluoride activates G proteins in
the gut epithelium at very low doses (e.g., from fluoridated water at 4.0 mg/L) and has
significant effects on the gut cell chemistry must be examined in biochemical studies.
THE RENAL SYSTEM
The kidney is the organ responsible for excreting most of the fluoride. It is exposed to
concentrations of fluoride about five times higher than in other organs, as the tissue/plasma ratio
for the kidney is approximately 5 to 1, at least in the rat (Whitford 1996). Kidneys in humans
may be exposed to lower fluoride concentrations than in rats. Human kidneys, nevertheless,
have to concentrate fluoride as much as 50-fold from plasma to urine. Portions of the renal
system may therefore be at higher risk of fluoride toxicity than most soft tissues. In this section,
three aspects of kidney function are discussed in the context of fluoride toxicity. First, can longterm ingestion of fluoride in drinking water at 4 mg/L contribute to the formation of kidney
stones? Second, what are the mechanisms of fluoride toxicity on renal tissues and function?
And third, what special considerations have to be made in terms of residents who already have
kidney failure and who are living in communities with fluoride at 4 mg/L in their drinking water?
Does Fluoride in Drinking Water Contribute to Kidney Stones?
Early water fluoridation studies did not carefully assess changes in renal function. It has
long been suspected that fluoride, even at concentrations below 1.2 mg/L in drinking water, over
the years can increase the risk for renal calculi (kidney stones). Research on this topic, on
humans and animals, has been sparse and the direction of the influence of fluoride (promotion or
prevention of kidney stones) has been mixed (Table 9-3; Juuti and Heinonen 1980; Teotia et al.
1991; Li et al. 1992; Shashi et al. 2002). Singh et al. (2001) carried out an extensive examination
of more than 18,700 people living in India where fluoride concentrations in the drinking water
ranged from 3.5 to 4.9 mg/L. Patients were interviewed for a history of urolithiasis (kidney
stone formation) and examined for symptoms of skeletal fluorosis, and various urine and blood
tests were conducted. The patients with clear signs and symptoms of skeletal fluorosis were 4.6
times more likely to develop kidney stones. Because the subjects of this study were likely at
greater risk of kidney stone formation because of malnutrition, similar research should be
conducted in North America in areas with fluoride at 4 mg/L in the drinking water. It is possible
that the high incidence of uroliths is related to the high incidence of skeletal fluorosis, a disorder
that has not been studied extensively in North America. If fluoride in drinking water is a risk

Human

20 children with vesical
stones were evaluated for
fluoride intake and content
of renal stones.

Species
Study
Renal Stone Formation
Human
Incidence of renal stones
in Finnish hospital
districts with different
concentrations of fluoride
in drinking water, in a
fluoridated community,
and a nonfluoridated city.

TABLE 9-3 Renal Effects of Fluoride

At fluoride concentrations of 1.5
mg/L or greater, the standardized
hospital admission rates for
urolithiasis was increased about onesixth. No differences were found with
fluoride concentrations of ≤0.49 mg/L
and 0.50-1.49 mg/L. A separate
comparison of a fluoridated city (1
mg/L) and a referent city (<0.49
mg/L) found a 25% lower rate of
urolithiasis in the fluoridated city.
Mean fluoride intake was 2.5 ± 0.8
mg in 24 hours. Subjects had normal
plasma and urinary excretion of
fluoride. No statistically significant
difference in fluoride content between
the center and periphery of the stones.
Fluoride content was higher in stones
with calcium than in those with uric
acid or ammonium urate. Authors
conclude that fluoride does not cause
initiation or growth of the nucleus of
vesical stones.

Findings

Proposed
Mechanisms

Fluoride’s role as a
promoter of kidney
stones was ruled out
but this is based on a
small sample size.
The authors did not
study nephrolithiasis
and excessive chronic
fluoride intake.

Comments

Teotia et al.
1991

Juuti and
Heinonen
1980

Reference
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Effect of NaF on ethylene
glycol-induced renal stone
formation in rats.

Study
18,706 tribal people from
fluoride endemic and
nonendemic areas of India
were evaluated for history
of renal stones.

NaF reduced oxalate stone production.

Findings
In endemic areas, fluoride in drinking
water was 3.5-4.9 mg/L. Prevalence
of urolithiasis was 4.6 times higher in
the endemic area than in the
nonendemic area. In the endemic
area, subjects with fluorosis had
nearly double the prevalence of
urolithiasis compared with those
without fluorosis.

Toxic Effects of Fluoride on Kidney Tissues and Function
Mean peak plasma fluoride was 29.3 ±
Human
Renal function evaluated
1.8 µmol/L 2 hours after anesthesia
in 50 patients exposed by
and 18 µmol/L after 8 hours. Five
inhalation to sevoflurane
compared with 25 controls patients had peak concentrations of
greater than 50 µmol/L. No lasting
exposed to isoflurane.
renal or hepatic functional changes
found.

Rat

Human

Species

TABLE 9-3 Continued
Proposed
Mechanisms
Lack of nutrition in
the population
leads to increases
in oxalate
excretion. Oxalate
increases oxidative
load, which
increases cellular
damage where
urinary crystals
have an opportunity
to grow. Fluoride
contributes to the
oxidative load and
passively
participates in renal
crystal formation.
NaF inhibition of
induced renal
stones appears to
be due to its ability
to decrease oxalate
synthesis and
urinary oxalate
excretion.
Li et al.
1992

Decreased urinary
oxalate secretion
might be a toxic
effect on the kidneys.

Frink et al.
1992

Reference
Singh et al.
2001

Comments
Water fluoride
concentration was at
EPA’s current
MCLG, but
malnutrition among
the study population
probably made risk
for renal stones
higher.
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Study
Renal damage evaluated
in 23 patients exposed by
inhalation to sevoflurane
compared with 11 controls
exposed to isoflurane.

Immortalized ascending
duct cells of kidneys were
incubated with 0-100 mM
fluoride.

Renal function evaluated
in 50 patients exposed by
inhalation to sevoflurane.

Health survey of residents
of rural areas in China
exposed to airborne
fluoride from combustion
of coal.

Species
Human

Human (in
vitro)

Human

Human

TABLE 9-3 Continued

Mean peak plasma fluoride was 28.2 ±
14 µmol/L 1 hour after exposure. 2
patients had concentrations > 50
µmol/L 12-24 hours after anesthesia
and raised blood urea nitrogen and
creatinine concentrations.
Glomerular filtration rate was
affected, as shown by significantly
lower urinary inorganic phosphate
concentrations in exposed populations
compared with control populations.

Findings
8 patients had serum fluoride
concentrations > 50 µmol/L. An
inverse correlation was found between
peak fluoride concentration and
maximal urinary osmolality after the
injection of vasopressin (r = -0.42, P <
0.05). Increased urinary N-acetyl-βglucosaminidase excretion, but no
lasting damage to the kidney.
Fluoride decreased cell number by
23% (P < 0.05), total protein content
by 30% (P < 0.05), and hydrogenleucine incorporation by 43% (P <
0.05). LDH release was increased by
236% (P < 0.05), with a threshold of 5
mM. There was also a 58% reduction
in Na,K-ATPase activity at 5 mM (P
< 0.05). Crystal formations found in
mitochondria.
Mitochondrion
appears to be the
target of fluoride
toxicity in
collecting duct
cells. Effects are
partly responsible
for the urinary
concentrating
defects in patients
after administration
of biotransformed
inhaled anesthetics.

Proposed
Mechanisms

Authors concluded
that sevoflurane
might induce
nephrotoxicity.

Comments

Ando et al.
2001

Goldberg et
al. 1996

Cittanova et
al. 1996

Reference
Higuchi et
al. 1995
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Rat

Human

Human (in
vitro)

Species

Findings
Alkaline fixation-resistant and
lysosomal acid phosphatase activities
were significantly inhibited at 75 µM.
Tartrate-resistant activity was also
significantly inhibited at 250 µM.
Renal function in Chinese Significant increase in urine NAG and
children (n = 210) exposed gamma-GT activities in children with
to different concentrations enamel fluorosis exposed to fluoride
at 2.58 mg/L and in children exposed
of fluoride in drinking
at 4.51 mg/L. Dose-response
water. Subjects stratified
relationship observed between
into 7 groups (n = 30),
fluoride concentration and these two
including controls.
measures of renal damage.
Comparisons made
between subjects with
“high fluoride load” and
enamel fluorosis (details
not provided) in areas with
fluoride at <1.0, 1.0-2.0,
2.0-3.0, and >3.0 mg/L.
Plasma fluoride concentrations were
NaF 10, 50, 150 mg/L in
<0.4, 2, 7, and 35 µmol/L, respectively.
drinking water for 6
ATP-dependent 45Ca uptake was
weeks.
significantly lower in the high exposure
group than in controls (P < 0.05).
Thapsigargin treatment showed that the
lower uptake was associated with
significantly lower activities of both the
plasma membrane Ca2+-pump (in highdose group compared with controls, P <
0.05) and endoplasmic reticulum Ca2+pump (in the mid- and high-dose groups
compared with controls, P < 0.05).

Study
Effects of fluoride on
renal acid phophatases in
the afferent arterioles and
in glomeruli.

TABLE 9-3 Continued

Ca2+ homeostasis
appears to have
been affected by an
increase in turnover
or breakdown or
decreasing the
expression of
plasma membrane
and endoplasmic
reticulum Ca2+pump proteins.

Proposed
Mechanisms

Liu et al.
2005

Subjects were similar
with respect to age,
gender, and
nutritional status.

Borke and
Whitford
1999

Reference
Partanen
2002

Comments
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Study
30 and 100 mg/L in
drinking water for 7
months.

Kidney epithelial cells
(NRK-52E) were cultured
with NaF.

Species
Rat

Rat (in vitro)

TABLE 9-3 Continued

Calcium accumulation was
significantly increased.

Findings
Decreased phosphatidylethanolamine
and phosphatidylcholine
phospholipids and ubiquinon in the
kidney. Increased lipid peroxidation.
Electron microscopy revealed
alterations in renal structures,
including mitochondrial swelling in
the proximal convoluted tubules and
decreased numbers of microvilli and
disintegrated brush border at the
luminal surface.

Proposed
Mechanisms
The pathogenesis
of chronic fluorosis
might be due to
oxidative stress and
modification of
cellular membrane
lipids. Those
alterations might
explain observed
systemic effects,
especially in soft
tissues and organs.
Elevation of ERtype Ca2+ATPase
activity appears to
operate as a
regulatory system
to protect against
large increases in
cytosolic calcium
concentrations due
to increased influx
of calcium into the
ER.
Comments

Murao et al.
2000

Reference
Guan et al.
2000
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Rabbit

Rabbit (in
vitro)

Species

NaF at 5, 10, 20, and 50
mg/kg/day injected
subcutaneously for 15
weeks.

Study
Immortalized kidney cells
of the thick ascending
limb were cultured with 1,
5, or 10 mmol of NaF for
24 hours; or 5 mmol for 1,
5, and 10 hours.

TABLE 9-3 Continued
Findings
At 5 mmol after 24 hours, fluoride
decreased cell numbers by 14% (P <
0.05), protein content by 16%, leucine
incorporation by 54%, and Na-K-2Cl
activity by 84%. There was a 145%
increase in LDH and a 190% increase
in N-acetyl-β-glucosaminidase release.
Na,K-ATPase activity was
significantly impaired at 1 mmol for
24 hours and after 2 hours at 5 mmol.
At 10 mg/kg/day and higher,
increased cloudy swellings,
degeneration of the tubular
epithelium, cell death, vacuolization
of the renal tubules, hypertrophy and
atrophy of the glomeruli, exudation,
interstitial edema, and interstitial
nephritis.
Mechanism for the
damage not
proposed

Proposed
Mechanisms
Na,K-ATPase
pump appears to be
a major target of
fluoride toxicity in
the loop of Henle.
Comments

Shashi et al.
2002

Reference
Cittanova et
al. 2002
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Human

Comparison of serum
fluoride concentrations in
17 HD patients and 17
CAPD patients.

Species
Study
Fluoride Toxicity in Hemodialysis Patients
Human
Plasma and bone
concentrations of fluoride
and renal osteodystrophy
in HD patients

TABLE 9-3 Continued
Reference
Erben et al.
1984

Bello and
Gitelman
1990

The bone
concentrations of
fluoride fall within the
ranges historically
associated with stage II
and stage III skeletal
fluorosis (see Chapter
5). The study reported
no skeletal fluorosis,
but it was unclear what
criteria were used for
assessment of the
condition. Suggests
bone concentrations
alone do not adequately
predict skeletal
fluorosis.
The patients were
supplemented with
calcium, and were
given aluminum
hydroxide if serum
phosphate was too high.

Authors noted that
fluoride content of
the HD fluids, which
were prepared with
fluoridated water,
was significantly
higher than in
commercially
prepared peritoneal
dialysis fluid.

Mean plasma concentration of fluoride
was 10.8 µmol/L in 34 patients with
residual glomerular filtration rates
(RGFR) and 15.6 µmol/L in 25
patients with anuria. Mean bone ash
concentration of fluoride was 5,000
mg/kg in 14 patients with RGFR and
7,200 mg/kg in 26 patients with
anuria. Evidence of secondary
hyperparathyroidism. Evidence of
osteodystrophy reported, but did not
appear to be of the advanced degree
found with skeletal fluorosis.

Higher serum fluoride concentrations
found in HD patients (4.0 ± 0.5
µmol/L) compared with CAPD
patients (2.5 ± 0.3 µmol/L), P < 0.005.

Proposed
Mechanisms
Comments

Findings

243

Study
Renal osteodystrophy in
209 HD patients in Saudi
Arabia.

Effects on plasma
potassium concentration
of 25 HD patients from
mineral water containing
fluoride at 9 mg/L.

Serum fluoride
concentrations evaluated
in 29 HD patients.

Species
Human

Human

Human

TABLE 9-3 Continued
Findings
Bone and joint pain reported in 25.8%
of patients. The major radiological
finding was osteosclerosis in 70% of
patients. Mean serum concentration
of aluminum was 25.4 ± 17.7 µg/L; of
1,25-dihydroxy vitamin D3 was 8.1 ±
4.2 ng/L; and of fluoride was 92.2 ±
31.4 µg/L.
There was a significant correlation
between plasma fluoride and
potassium concentrations before
dialysis (P < 1 × 10-7) but not after.
Group-by-group comparisons
indicated that the correlation was
linked to the group consuming the
mineral water (P < 1 × 10-7), which
had higher plasma potassium
concentrations before dialysis than the
group that did not drink the mineral
water (P < 0.005).
Serum fluoride was significantly
higher in patients before and after HD
than in healthy subjects. Despite net
clearance of fluoride during HD,
serum fluoride did not return to
normal concentrations.

Proposed
Mechanisms
Comments
Osteodystrophy could
be related to
aluminum exposure.
Water quality in
Saudi Arabia is not
the same as in the
United States.

Usuda et al.
1997

Nicolay et
al. 1999

Reference
Huraib et al.
1993
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Study
Serum fluoride
concentrations evaluated
in 39 patients with end
stage renal disease living
in an area with fluoride at
47.4 ± 3.28 µM/L in
drinking water. 30
patients treated with HD
and 9 with CAPD.

Plasma fluoride
concentrations measured
in 35 dialysis patients.

Serum fluoride
concentrations measured
in 150 dialysis patients.

153 iliac crest bone
biopsies from renal
osteodystrophy patients
were analyzed.

Species
Human

Human

Human

Human

TABLE 9-3 Continued
Findings
Mean serum fluoride was significantly
higher in dialysis patients (2.67 ± 1.09
µM/L) than in controls. CAPD
patients had higher mean fluoride
concentrations (3.1 ± 1.97 µM/L) than
HD patients (2.5 ± 1.137 µM/L). 39%
of dialysis patients had serum fluoride
concentrations > 3.0 µM/L, a
concentration believed to pose a risk
of osteodystrophy.
Highly significant correlation between
fluoride concentrations before and
after dialysis (P < 0.00001) and
between the months of hemodialysis
and average fluoride concentration
before dialysis (r = 0.624; P = 0.008).
Serum fluoride concentrations were
approximately 3.3 times higher in
dialysis patients than in healthy
subjects.
Increase in bone fluoride was weakly
associated with increased osteoid
volume, surface, and thickness. Bone
fluoride had a negative correlation
with bone microhardness.
Fluoride
incorporation at the
mineralizing front
increases
mineralization lag
time.

Proposed
Mechanisms

The authors
speculated that
accumulated fluoride
interacted with
aluminum in dialysis
patients, altering
bone properties.

Comments

Ng et al.
2004

Torra et al.
1998

Nicolay et
al. 1997

Reference
Al-Wakeel
et al. 1997
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12 of 15 patients treated in one room
had severe pruritus, multiple
nonspecific symptoms, and/or fatal
ventricular fibrillation (3 patients).
Serum fluoride concentration in ill
patients was as high as 716 µmol/L.
20 patients treated in a different room
did not become ill (P < 0.0001).

Findings

Proposed
Mechanisms

Reference
Arnow et al.
1994

Comments
Water used for
dialysis in the ill
patients was found to
have excessive
concentrations of
fluoride because of
errors in maintenance
of the deionization
system.

Abbreviations: CAPD, continuous ambulatory peritoneal dialysis; ER, endoplasmic reticulum; GT, glutamyltransferase; HD, hemodialysis; LDH, lactate
dehydrogenase; NAG, N-acetyl-beta-D-glucosaminidase.

Study
Hemodialysis Accidents
Human
Evaluation of 12 patients
who became severely ill
after HD treatment and 20
patients who did not
become ill after treatment
in the same unit.

Species

TABLE 9-3 Continued
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factor for kidney stones, future studies should be directed toward determining whether kidney
stone formation is the most sensitive end point on which to base the MCLG.
Mechanisms of Fluoride Toxicity on Kidney Tissue and Function
Fluoride in acute and chronic doses can dramatically affect the kidney, but, again, it is the
dose that is important. People living in fluoridated areas (at 1.0 mg/L) drinking 1.0 L of water a
day will consume 1 mg of fluoride a day (less than 0.014 mg/kg for the average 70-kg person).
There are no published studies that show that fluoride ingestion on a chronic basis at that
concentration can affect the kidney. However, people living in an area where the drinking water
contains fluoride at 4 mg/L who consume 2-3 L of water per day will ingest as much as 12 mg
fluoride per day on a chronic basis (see Chapter 2). On the basis of studies carried out on people
living in regions where there is endemic fluorosis, ingestion of fluoride at 12 mg per day would
increase the risk for some people to develop adverse renal effects (Singh et al. 2001).
Humans can be exposed to even higher acute doses of fluoride either unintentionally
(water fluoridation accidents, hemodialysis accidents, accidental poisoning) or intentionally,
such as from fluorinated general anesthetics. Administration of certain halothane anesthetics,
which are defluorinated by the liver, can result in serum fluoride concentrations that are 50-fold
higher than normal and those concentrations are maintained during the surgery and well
afterward (see Table 9-3 and Chapter 2). These concentrations of fluoride in the serum have
been associated with nephrotoxicity, but most of the symptoms resolve after surgery when
fluoride concentrations are allowed to decline. Although it is unlikely that consuming
fluoridated drinking water could lead to such high serum fluoride concentrations, one has to
consider that subjects who already have impaired kidney function and are unable to excrete
fluoride efficiently will retain more fluoride. At this time, there are no studies to distinguish
between adverse effects produced by fluoride and the defluorinated metabolites of fluorinated
general anesthetics. Therefore, it is plausible that the defluorinated metabolites are responsible
for some, most, or even all of the side effects on the kidneys.
Animal studies have helped in determining just how the kidney responds to high doses of
fluoride. Borke and Whitford (1999) showed that ATP-dependent calcium uptake in rat kidneys
was significantly affected by exposures equivalent to that of patients undergoing hemodialysis.
Cittanova et al. (2002) showed that high concentrations of fluoride affected the ATPase pump in
cultured rabbit ascending loop cells. Guan et al. (2000) showed that the same concentrations of
fluoride that caused dental fluorosis in rats affected kidney phospholipids. Rat studies show that
the animals that had most of their renal tissue surgically removed retained more fluoride in their
bones, which became more susceptible to fracture (Turner et al. 1996). Turner’s rat studies were
also conducted to simulate the concentrations that humans would be exposed to in regions where
the drinking water contained fluoride at 3-10 mg/L.
Patients with Renal Impairment
Several investigators have shown that patients with impaired renal function, or on
hemodialysis, tend to accumulate fluoride much more quickly than normal. Patients with renal
osteodystrophy can have higher fluoride concentrations in their serum (see Table 9-3). Whether
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some bone changes in renal osteodystrophy can be attributed to excess bone fluoride
accumulation alone, or in combination with other elements such as magnesium and aluminum,
has not been clearly established (Erben et al. 1984; Huraib et al. 1993; Ng et al. 2004). Extreme
caution should be used in patients on hemodialysis because failures of the dialysis equipment
have occurred in the past, resulting in fluoride intoxication (Arnow et al. 1994).
HEPATIC SYSTEM
Although some studies have observed histopathologic changes in the liver in response to
high doses of fluoride (Kapoor et al. 1993; Grucka-Mamczar et al. 1997), the changes have not
been carefully quantified. In a study to examine the histologic effects of NaF directly on the
liver, rats fed 5-50 mg/kg/day showed vacuolization of the hepatic cells, cellular necrosis, and
dilated and engorged liver tissue that was not seen in the control animals (Shashi and Thapar
2001).
In some of the studies in which effects of chronic or acute fluoride doses were observed
in kidneys, the livers were also examined for signs of toxicity. Tormanen (2003) showed that
fluoride caused substrate inhibition of rat liver arginase at substrate concentrations above 4 mM,
and rat kidney arginase was more sensitive than liver arginase to inhibition by fluoride. de
Camargo and Merzel (1980) first reported significant increases in fatty deposits in the livers of
rats but not in their kidneys when they were given NaF at 1, 10, or 100 mg/L in tap water for 180
days. Twenty years later, Wang et al. (2000) used high-performance liquid chromatography to
document the changes in liver lipids after rats were fed drinking water with fluoride at 30 or 100
mg/L for 7 months. The higher concentration of fluoride reduced total phospholipids. Within
the phospholipids, the saturated fatty acid components increased and polyunsaturated fatty acids
decreased. Liver cholesterol and dolichol were unchanged. The authors concluded that fluorideinduced alteration in liver membrane lipids could be an important factor in the pathogenesis of
chronic fluorosis.
Whether any of these changes has relevance to the long-term daily ingestion of drinking
water containing fluoride at 4 mg/L will require careful analysis of liver function tests in areas
with high and low concentrations of fluoride in the drinking water. The clinical trials involving
fluoride therapy for treating osteoporosis require that subjects be administered fluoride at
concentrations approaching 1.0 mg/kg/day. Although such studies are rarely carried out for
more than 5 years, this period of time should be sufficient to measure any changes in hepatic
function. Jackson et al. (1994) reported that there was a significant increase in liver function
enzymes in test subjects taking 23 mg of fluoride a day for 18 months, but the enzyme
concentrations were still within the normal range. It is possible that a lifetime ingestion of 5-10
mg/day from drinking water containing fluoride at 4 mg/L might turn out to have long-term
effects on the liver, and this should be investigated in future epidemiologic studies.
Finally, because the liver is the primary organ for defluorinating toxic organofluorides,
there is a concern that added fluoride body burden that would be experienced in areas where the
drinking water had fluoride at 4 mg/L might interfere with the activity of the cytochrome P450
complex (Baker and Ronnenberg 1992; Kharasch and Hankins 1996).
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IMMUNE SYSTEM
Hypersensitivity
In the studies by physicians treating patients who reported problems after fluoridation
was initiated, there were several reports of skin irritation (Waldbott 1956; Grimbergen 1974;
Petraborg 1977). Although blinded experiments suggested that the symptoms were the result of
chemicals in the water supply, various anecdotal reports from patients complaining, for example,
of oral ulcers, colitis, urticaria, skin rashes, nasal congestion, and epigastric distress, do not
represent type I (anaphylactic), II (cytotoxic), III (toxic complex), or IV (delayed type reactivity)
hypersensitivity, according to the American Academy of Allergy (Austen et al. 1971). These
patients might be sensitive to the effects of silicofluorides and not the fluoride ion itself. In a
recent study, Machalinski et al. (2003) reported that the four different human leukemic cell lines
were more susceptible to the effects of sodium hexafluorosilicate, the compound most often used
in fluoridation, than to NaF.
Nevertheless, patients who live in either an artificially fluoridated community or a
community where the drinking water naturally contains fluoride at 4 mg/L have all accumulated
fluoride in their skeletal systems and potentially have very high fluoride concentrations in their
bones (see Chapter 3). The bone marrow is where immune cells develop and that could affect
humoral immunity and the production of antibodies to foreign chemicals. For example, Butler et
al. (1990) showed that fluoride can be an adjuvant, causing an increase in the production of
antibodies to an antigen and an increase in the size and cellularity of the Peyer’s patches and
mesenteric lymph nodes. The same group (Loftenius et al. 1999) then demonstrated that human
lymphocytes were more responsive to the morbilli antigen. Jain and Susheela (1987), on the
other hand, showed that rabbit lymphocytes exposed to NaF had reduced antibody production to
transferrin.
At the very early stages of stem cell differentiation in bone, fluoride could affect which
cell line is stimulated or inhibited. Kawase et al. (1996) suggested that NaF (0.5 mM for 0-4
days) stimulates the granulocytic pathway of the progenitor cells in vitro. This was confirmed by
Oguro et al. (2003), who concluded that “NaF [<0.5 mM] induces early differentiation of bone
marrow hemopoietic progenitor cells along the granulocytic pathway but not the monocytic
pathway.”
It has long been claimed that cells do not experience the concentrations of fluoride that
are used in vitro to demonstrate the changes seen in cell culture. Usually millimolar
concentrations are required to observe an effect in culture. Because serum fluoride normally is
found in the micromolar range, it has been claimed that there is no relevance to the in vivo
situation. However, studies by Okuda et al. (1990) on resorbing osteoclasts reported that: “NaF
in concentrations of 0.5-1.0 mM decreased the number of resorption lacunae made by individual
osteoclasts and decreased the resorbed area per osteoclast. We argue that the concentration of
fluoride in these experiments may be within the range ‘seen’ by osteoclasts in mammals treated
for prolonged periods with approximately 1 mg of NaF/kg body weight (bw) per day.” Sodium
fluoride intake at 1 mg/kg/day in humans could result in bone fluoride concentrations that might
occur in an elderly person with impaired renal function drinking 2 L of water per day containing
fluoride at 4 mg/L (see Chapters 3 and 5 for more information on bone fluoride concentrations).
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Cellular Immunity
Macrophage function is a major first line of defense in immunity. When macrophage
function is impaired, the body could fail to control the invasion of foreign cells or molecules and
their destructive effects. The studies that have investigated the function of the cells involved in
humoral immunity are summarized in Table 9-4.
Fluoride, usually in the millimolar range, has a number of effects on immune cells,
including polymorphonuclear leukocytes, lymphocytes, and neutrophils. Fluoride interferes with
adherence to substrate in vitro. The variety of biochemical effects on immune cells in culture are
described in Table 9-4. Fluoride also augments the inflammatory response to irritants. Several
mechanisms have been proposed, and the main route is thought to be by means of activation of
the G-protein complex. It appears that aluminum combines with fluoride to form aluminum
fluoride, a potent activator of G protein. In a study by O’Shea et al. (1987), for example, AlF4
had a greater influence on lymphocyte lipid metabolism than did fluoride in the absence of
aluminum. On the other hand, Goldman et al. (1995) showed that the aluminofluoride effect of
activating various enzymes in macrophages is independent of the G-protein complex.
There is no question that fluoride can affect the cells involved in providing immune
responses. The question is what proportion, if any, of the population consuming drinking water
containing fluoride at 4.0 mg/L on a regular basis will have their immune systems compromised?
Not a single epidemiologic study has investigated whether fluoride in the drinking water at 4
mg/L is associated with changes in immune function. Nor has any study examined whether a
person with an immunodeficiency disease can tolerate fluoride ingestion from drinking water.
Because most of the studies conducted to date have been carried out in vitro and with high
fluoride concentrations, Challacombe (1996) did not believe they warranted attention. However,
as mentioned previously in this chapter, bone concentrates fluoride and the blood-borne
progenitors could be exposed to exceptionally high fluoride concentrations. Thus, more research
needs to be carried out before one can state that drinking water containing fluoride at 4 mg/L has
no effect on the immune system.
FINDINGS
The committee did not find any human studies on drinking water containing fluoride at 4
mg/L where GI, renal, hepatic, or immune effects were carefully documented. Most reports of
GI effects involve exposures to high concentrations of fluoride from accidental overfeeds of
fluoride into water supplies or from therapeutic uses. There are a few case reports of GI upset in
subjects exposed to drinking water fluoridated at 1 mg/L. Those effects were observed in only a
small number of cases, which suggest hypersensitivity. However, the available data are not
robust enough to determine whether that is the case.
Studies of the effects of fluoride on the kidney, liver, and immune system indicate that
exposure to concentrations much higher than 4 mg/L can affect renal tissues and function and
cause hepatic and immunologic alterations in test animals and in vitro test systems. For
example, a few studies suggest that fluoride might be associated with kidney stone formation,
while other studies suggest that it might inhibit stone formation. Some effects on liver enzymes
have been observed in studies of osteoporosis patients treated with fluoride, but the available
data are not sufficient to draw any conclusions about potential risks from low-level long-term

Human

Species
In vitro
Human
Significant inhibition of
PMN metabolic activity
at 0.1 mM fluoride for
O2 generation. Activity
was also inhibited at
0.5 mM for 14CO2
release from labeled
glucose and at 1.0 mM
for nitroblue
tetrazolium-reduction.
8% inhibition with 0.5
ppm fluoride and 20%
inhibition with 20 ppm
fluoride.

Metabolism factors measured
in cultured PMNs incubated
with mM concentrations of
fluoride.

Leukocyte capillary migration
inhibition assay.

Findings

Study

TABLE 9-4 Effects of Fluoride on Immune System Cells

Inhibition was primarily
due to suppression of
nonoxidative glucose
metabolism. Peak effect
was at 20 mM, a lethal
dose to the cells.

Application/Proposed
Mechanisms

Effect at 0.5 ppm
fluoride likely not
significant.
20 ppm fluoride is
100 times higher than
serum fluoride
concentrations
expected if 1.5 L of 4
ppm fluoride in water
is consumed.

Comments

Gibson 1992

Gabler and Leong
1979

Reference
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Study
Evaluated signal transduction
in cultured macrophages
exposed to NaF with or
without aluminum.

Cell migration assay and
micropore filter assay used to
assess effect of NaF on
locomotion and chemotaxis of
human blood leukocytes.

Species
Various

Human

TABLE 9-4 Continued
Findings
NaF reduced
intracellular ATP
concentrations,
suppressed agonistinduced protein
tyrosine
phosphorylation and
reactive oxygen species
formation. There was
in situ activation of
nitrogen-activated
protein kinase,
phospholipase A2, and
phosphatidylinositolphospholipase C. Little
or no effect on NaFmediated enzyme
action was observed
when cells were treated
with AlCl3 or
deferoxamine.
Significant reduction in
chemotaxis and
locomotion observed
with 1 mM fluoride.

Application/Proposed
Mechanisms
Authors suggest that
some of the pleiotropic
effects of NaF in intact
cells might be due to
depletion of ATP and
not by G-protein
activation.

1 mM fluoride is a
high concentration
relative to blood
fluoride, but such a
concentration might
be possible within the
Haversian canal
system of bone,
restricting migration
of leukocytes through
bone.

Comments

Wilkinson et al.
1983

Reference
Goldman et al. 1995
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Study
Cultured neutrophils treated
with fluoride.

Electropermeabilized
neutrophils treated with
fluoride.

Adherence assay of PMNs
cultured with 0.0625-4.0 µM
with or without autologous
serum.

Species
Human

Human

Human

TABLE 9-4 Continued
Findings
Fluoride activated
diacylglycerol
generation and
phospholipase D
activity. Increased
diradylglycerol mass,
with kinetics similar to
superoxide generation.
O2 production was
increased by
electropermeabilization.
That effect was
antagonized by GDP[βS], required Mg2+, and
was blocked by
staurosporine and H-7.
No effect in the absence
of serum. With serum,
adherence significantly
decreased at 0.5 µM.
Decrease was 1.1% at
0.125 µM and 52.7% at
1.5 µM.
Effect is not direct and
is probably modulated
by a seric factor.

Application/Proposed
Mechanisms
Data are consistent with
the activation of
phosphatidic acid and
diglyceride generation
by both phopholipase Ddependent and
independent
mechanisms.
Supports the hypothesis
that fluoride activates G
protein, most likely Gp,
by interacting with the
nucleotide-binding site
on the G α subunit.
Concentrations of
fluoride tested are
similar to those found
in blood.

Comments

Gomez-Ubric et al.
1992

Hartfield and
Robinson 1990

Reference
Olson et al. 1990
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Study
Promyelocytic HL-60 cells
treated with 0.5 mM NaF for
0-4 days.

Blood lymphocytes incubated
with NaF at 0.31, 0.62, or 1.2
mM.

Species
Human

Human

TABLE 9-4 Continued
Findings
Cell proliferation was
inhibited by NaF and
was augmented by the
addition of 1,25dihydroxyvitamin D3.
Other observations
were changes in cellular
morphology, increased
cellular adhesion to
plastic, reduced
nuclear/cytoplasmic
ratio, and increased
cellular expression of
chloroacetate esterase.
No effect on cellular
nonspecific esterase
activity.
NaF augmented
lymphocyte response to
a mitogen (PHA) or a
specific antigen
(morbilli antigen from
infected cells).
Simultaneous
incubation of NaF at
0.62 mM with PHA
significantly increased
cytokine INF-γ release
from activated T and/or
NK cells compared
with treatment with
PHA alone (P < 0.01).
Authors concluded that
NaF’s effect on INF-γ
release during an
immune response might
be one of the primary
ways that fluoride ion
influences the immune
system.

Application/Proposed
Mechanisms
NaF stimulates the early
stages of HL-60
differentiation toward a
granulocyte-like cell.
1,25-Dihydroxyvitamin
D3 acts as a cofactor
with NaF, primarily
through interaction with
an endogenous NaFinduced cyclooxygenase
product(s), possibly
PGE2.
Comments

Loftenius et al. 1999

Reference
Kawase et al. 1996
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Study
CD34+ cells isolated from
umbilical cord blood were
incubated with 1, 10, and 50
mM NaF for 30 and 120
minutes.

Liver macrophages treated
with fluoride.

Cultured lymphocytes treated
with NaF and AlCl3.

Species
Human

Rat

Mouse

TABLE 9-4 Continued
Findings
At 10 and 50 mM NaF,
there was damage to
CFU-GM and
significantly decreased
cloning potential of
these cells. Growth of
BFU-E was also
inhibited.
Arachidonic acid and
prostaglandins were
released (required
extracellular calcium),
but there was no
formation of inositol
phosphates or
superoxide. Those
effects were inhibited
by staurosporine and
phorbol ester. Protein
kinase C was
translocated from the
cytosol to membranes.
With NaF, there was a
breakdown of
polyphosphoinositides,
decreased production of
phosphoinositols,
increased cytosolic
Ca2+, and start of
phosphorylation of the
T-cell receptor. Effects
were potentiated by
addition of AlCl3.
The active moiety is
AlF4-. AlF4–induced
effects were insensitive
to cyclic adenosine
monophosphate.

Calcium-dependent
protein kinase C appears
to be involved in
fluoride’s action on liver
macrophages.

Application/Proposed
Mechanisms
Comments

O’Shea et al. 1987

Schulze-Specking et
al. 1991

Reference
Machalinski et al.
2000
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Rat

In vivo
Rabbit

Species
Mouse

Rabbits immunized with
transferrin before or after 9
months treatment with 10
mg/kg/day. Circulating antitransferrin titers were
measured during the 9 months.
DNA and protein synthesis
were determined by
[3H]thymidine and
[14C]leucine incorporation.
Sensitization assay performed
with rats administered 5 mL of
a 100-mmol solution of NaF
twice a week for 2-3 weeks
and given ovalbumin in
drinking water.

Study
Bone marrow progenitor cells
cultured with 0.1-0.5 mM
NaF.

TABLE 9-4 Continued

General inhibition of
metabolic function.

Authors note that the
concentrations tested
were within the range
that could be
inadvertently ingested
by infants/children or
adults from fluoride
supplements or gels.

Microulcerations of the
gastric mucosa.

Significant increase in
surface
immunoglobulin
expression on
lymphocytes from the
Peyer’s patches and
mesenteric lymph
nodes.

Comments

Antibody formation
appears to be inhibited
because of the decrease
in lymphocyte
proliferation and
inhibition of protein
synthetic ability of
immunocytes.

Application/Proposed
Mechanisms
Authors suggest that
NaF induces early
differentiation of bone
marrow hemopoietic
progenitor cells along
the granulocytic
pathway but not the
monocytic pathway
linked to osteoclast
formation.

NaF inhibited antibody
formation and had a
threshold of 0.78 ppm
in circulation. DNA
and protein synthesis
were also inhibited.

Findings
Upregulation in the
activities of
intracellular enzymes
(LDH, β-glucuronidase,
acid phosphatase),
cellular reduction of
nitroblue tetrazolium,
and nitric oxide
production.

Butler et al. 1990

Jain and Susheela
1987

Reference
Oguro et al. 2003
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Antibacterial defense
mechanisms and lung damage
were assessed in mice exposed
to 2, 5, 10 mg/m3 of a fluoride
aerosol in an inhalation
chamber for 4 hours per day
for 14 days.

Mouse

Findings
Significant PMNleukocyte infiltration in
the lungs observed 24
hours after treatment
with 0.2 and 0.4 mg.
mRNA of chemokines
and proinflammatory
cytokines was
increased. Increased
adhesion of PMNs to
plastic dish.
Suppression of
pulmonary bactericidal
activity against
Staphylococcus aureus
at 5 and 10 mg/m3.
Significant decrease in
the number of alveolar
macrophages in
bronchoalveolar lavage
fluid at 10 mg/m3 in
mice not bacterially
challenged. Significant
increase in PMNs and
lymphocytes at 10
mg/m3.
Authors concluded that
inhalation of fluoride
can cause cellular
alterations in the lung
that diminish the ability
to respond to infectious
bacteria.

Application/Proposed
Mechanisms
Comments

Yamamoto et al.
2001

Reference
Hirano et al. 1999

Abbreviations: BFU-E, burst forming unit of erythrocytes; CFU-GM, colony-forming unit of granulocyte-macrophages; GDP[β-S], guanosine 5'-[βthio]diphosphate; INF-γ, interferon γ; LDH, lactate dehydrogenase; PGE2, prostaglandin E; PHA, phytohemaggultinin ; PMN, polymorphonuclear leukocyte.

Study
0.1, 0.2, and 0.4 mg of fluoride
administered intratracheally.

Species
Rat

TABLE 9-4 Continued
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exposures. Little data is available on immunologic parameters in human subjects exposed to
fluoride from drinking water or osteoporosis therapy, but in vitro and animal data suggest the
need for more research in this area.
As noted earlier in Chapters 2 and 3, several subpopulations are likely to be susceptible to
the effects of fluoride from exposure and pharmacokinetic standpoints. With regard to the end
points covered in this chapter, it is important to consider subpopulations that accumulate large
concentrations of fluoride in their bones (e.g., renal patients). When bone turnover occurs, the
potential exists for immune system cells and stem cells to be exposed to concentrations of
fluoride in the interstitial fluids of bone that are higher than would be found in serum. From an
immunologic standpoint, individuals who are immunocompromised (e.g., AIDS, transplant, and
bone-marrow-replacement patients) could be at greater risk of the immunologic effects of
fluoride.
RECOMMENDATIONS
Gastric Effects
• Studies are needed to evaluate gastric responses to fluoride from natural sources at

concentrations up to 4 mg/L and from artificial sources. Data on both types of exposures would
help to distinguish between the effects of water fluoridation chemicals and natural fluoride.
Consideration should be given to identifying groups that might be more susceptible to the gastric
effects of fluoride.
• The influence of fluoride and other minerals, such as calcium and magnesium, present
in water sources containing natural concentrations of fluoride up to 4 mg/L on gastric responses
should be carefully measured.
Renal and Hepatic Effects
• Rigorous epidemiologic studies should be carried out in North America to determine
whether fluoride in drinking water at 4 mg/L is associated with an increased incidence of kidney
stones. There is a particular need to study patients with renal impairments.
• Additional studies should be carried out to determine the incidence, prevalence, and
severity of renal osteodystrophy in patients with renal impairments in areas where there is
fluoride at up to 4 mg/L in the drinking water.
• The effect of low doses of fluoride on kidney and liver enzyme functions in humans
needs to be carefully documented in communities exposed to different concentrations of fluoride
in drinking water.

Immune Response
• Epidemiologic studies should be carried out to determine whether there is a higher
prevalence of hypersensitivity reactions in areas where there is elevated fluoride in the drinking
water. If evidence is found, hypersensitive subjects could then be selected to test, by means of
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double-blinded randomized clinical trials, which fluoride chemicals can cause hypersensitivity.
In addition, studies could be conducted to determine what percentage of immunocompromised
subjects have adverse reactions when exposed to fluoride in the range of 1-4 mg/L in drinking
water.
• More research is needed on the immunotoxic effects of fluoride in animals and humans
to determine if fluoride accumulation can influence immune function.
• It is paramount that careful biochemical studies be conducted to determine what
fluoride concentrations occur in the bone and surrounding interstitial fluids from exposure to
fluoride in drinking water at up to 4 mg/L, because bone marrow is the source of the progenitors
that produce the immune system cells.

10
Genotoxicity and Carcinogenicity

This chapter reviews research publications and relevant review articles published since
the earlier NRC (1993) report and other relevant papers not included in that review, and also
considers salient earlier papers. Evaluation of the plausibility and potential for carcinogenicity is
based on human epidemiologic studies, laboratory animal lifetime bioassays, shorter-term
genotoxicity tests, metabolism and pharmacokinetic data, and mechanistic information.
Genotoxicity tests indicate the potential for fluoride to cause mutations, affect the structure of
chromosomes and other genomic material; affect DNA replication, repair, and the cell cycle;
and/or transform cultured cell lines to enable them to cause tumors when implanted into host
animals. In interpreting the experimental studies and the consistency among disparate tests and
systems, factors to be considered include the chemical form, concentrations, duration of exposure or application, vehicle or route of exposure, presence or absence of dose response, and information that each study provides about the potential stage of cancer development at which the
chemical might operate. The degree of consistency of genotoxicity tests with the epidemiologic
studies and whole animal bioassays on these points was evaluated.
GENOTOXICITY
Genotoxicity tests comprise in vitro and in vivo assays to assess the effects on DNA and
chromosomal structure and/or function. The results of these assays serve as indicators of the potential interaction of chemicals with the genetic material. Changes in chromosomal or DNA
structure or function may be a step in the pathway to carcinogenesis. More often, they indicate
interference with the normal duplication, function, and control of cell division and genetic activity that also might result in precancer or early neoplastic processes. Genotoxicity also encompasses the ability to cause germ cell and somatic cell mutations that cause malformations, disease, and other adverse health outcomes.
Many cell systems derived from various organisms have been used to the assess genotoxicity of a large array of chemicals. In evaluating the applicability of the results of these tests to
human risk from fluoride ingestion, some of the key parameters are the concentrations used in
the assays compared with physiologic concentrations, the form and vehicle for fluoride exposure
in the assay, and existing data on overall applicability of the various assays to risk in humans.
Tennant (1987) and Tennant et al. (1987) concluded that the Salmonella reverse mutation assay
was the best short-term genotoxicity assay available for predicting carcinogenicity in mammals.
However, Parodi et al. (1991) reviewed the results of various genotoxicity tests in comparison
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with animal carcinogenicity studies, and found that in vitro cytogenetic tests, particularly sisterchromatid exchange tests (SCEs), were more predictive of carcinogenicity than the Salmonella
reverse mutation assay. Tice et al. (1996) subsequently reviewed relative sensitivities of rodents
and humans to genotoxic agents and concluded that humans are more than an order of magnitude
more sensitive than rodents to most of the genotoxic agents they examined using the genetic activity profile database.
The available new genotoxicity studies of fluoride are detailed in Table 10-1. The most
extensive and important additions to the genotoxicity literature on fluoride since 1993 are in vivo
assays in human populations and, to a lesser extent, in vitro assays using human cell lines and in
vivo experiments with rodents. These studies are discussed below.
Gene Mutation
Mutagenicity indicates direct action of a substance on DNA. Alterations in DNA suggest
that the chemical has the potential to cause genetic effects as well as carcinogenic potential. In
1993, the existing literature did not indicate that fluoride posed a mutation hazard. The literature
included assays with Salmonella (virtually all negative results), various mammalian cells lines
(virtually all negative), and cultured human lymphocytes. Positive results in the human lymphocytes were seen at fluoride concentrations above 65 µg/mL (parts per million [ppm]) and generally at more than 200 µg/mL, (much greater concentrations than those to which human cells in
vivo typically would be exposed). No pertinent studies have been found since those reviewed in
the 1993 NRC report. The committee interprets the weight of evidence from in vivo rodent studies to indicate very low probability of a mutagenic risk for humans (NRC 1993; WHO 2002;
ATSDR 2003).
Chromosomal Changes and DNA Damage
This section describes studies of fluoride’s effects on chromosomes and chromatids, formation of micronuclei, and DNA damage. Chromosomal alterations can include changes in
chromosome number (aneuploidy) and aberrations of the chromosomes (before DNA synthesis)
or chromatids (after DNA synthesis). (Nondisjunction or translocation of chromosome 21, producing Down’s syndrome, is discussed in Chapter 6 on Reproductive and Developmental Effects.) Classification of chromosome/chromatid aberrations has become standardized in recent
years: some types of aberrations (e.g., chromatid gaps) are judged to be less important in evaluating effects on chromosomes than other major aberrations (e.g., breaks and translocations). SCE
is not known to be on the causal pathway of any adverse health effects, but it is considered a generic indication of exposure to substances that can affect chromosomal structure, many of which
are also carcinogens. The SCE assay is a helpful and widely used assay because of its greater
sensitivity at lower concentrations than chromosome aberrations. Fewer cells need to be scored
in order to establish with confidence whether an increase in SCEs has occurred in a specific test
system.
Micronuclei are DNA-containing bodies derived from chromosomal material that is left
behind during mitosis. Either a faulty mitotic process or chromosomal breaks can cause this

Subjects in the 4.8-mg/L region had lower average SCEs per cell.

Findings

Remarks

Plasma and urine fluoride
concentrations also measured; these were proportional to water concentrations.
SCE rate was significantly greater in subjects
Insufficient documentation
Comparison of 100 residents of North Gujarat
exposed to drinking water with fluoride at 1.95 to from North Gujarat, but there was no difference of subject ascertainment or
control for potential demo2.2 mg/L with 21 subjects in Ahmedabad exposed in the cell cycle proliferative index.
graphic confounding.
at 0.6 to 1.0 mg/L.
Assay: SCE in blood lymphocytes and cell cycle
proliferative index.
Phosphate fertilizer workers with inhalation expo- Exposed workers had elevation in all cytogenetic outcomes tested.
sure.
Assay: chromosome aberrations, micronucleus,
SCE.
Insufficient documentation
Peripheral blood lymphocytes from inhabitants of SCE: higher frequency in individuals with
of subject ascertainment or
the Hohhot region in inner Mongolia (n = 53 with fluorosis (87% increase in SCEs), than no
control for potential demofluorosis (13% increase) compared with confluorosis; n = 20 with no fluorosis) exposed to
graphic confounding.
trols.
fluoride in drinking water at 4 to 15 mg/L compared with controls (n = 30) exposed to fluoride at Micronucleus: higher frequency in individuals
with fluorosis (3.4-fold increase) than no
< 1 mg/L.
fluorosis (1.8-fold increase) compared with
Assay: SCE and micronucleus.
controls.
SCEs higher in 4.0-mg/L community. FollowHuman populations with long-term residency in
communities with water concentrations of fluoride up study in the 4.0-mg/L community comparing
residents using well water (≤0.3 mg/L) and city
at 0.2, 1.0, and 4.0 mg/L. Measured plasma and
water (4.0 mg/L) found no difference in SCE
urine fluoride concentrations.
frequency between these two groups in the 4Assay: SCE in blood lymphocyte.
mg/L town.

Population or System/Method and Assay
In Vivo Human Studies
Subjects (n = 746) with normal or inadequate nutrition living in regions of China with water concentrations of fluoride at 0.2, 1.0, or 4.8 mg/L.
Assay: SCE in blood lymphocytes.

TABLE 10-1 Summary of Recent Genotoxicity Studies of Fluoride

Jackson et al.
1997

Meng et al.
1995; Meng
and Zhang
1997
Wu and Wu
1995

Sheth et al.
1994

Y. Li et al.
1995

References
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Population or System/Method and Assay
Cultured peripheral blood lymphocytes
from 7 female osteoporosis patients treated
with disodium monofluoro-phosphate and
NaF for 15 to 49 months (22.6 to 33.9 mg
of fluoride/day). Measured serum fluoride.
Assay: chromosomal aberration, micronuclei, cell cycle progression.
Comparison of residents of South Gujarat
exposed fluoride at approximately 0.7 mg/L
(control village) with residents exposed at
1.5 to 3.5 mg/L (3 villages).
Assay: SCE in peripheral lymphocytes.
Case series in India of osteosarcoma (n =
20) compared with population distribution
regarding bone tumor fluoride concentration and p53 mutations.
Assay: p53 mutation and fluoride concentrations in tumor tissue.
In Vivo Animal Studies
Mice (B6C3F1) exposed via drinking water
for 6 weeks. Measured fluoride concentrations in bone.
Assay: micronuclei in peripheral red blood
cells, chromosome aberrations in bone marrow.
Four Zucker rats, diabetic and nondiabetic
males.
Fluoride in water at 5 to 50 mg/L for 6
months.
Assay: SCE.

TABLE 10-1 Continued

Method addresses some of the conflicts in
previous in vitro and in vivo studies.

No micronuclei increase in peripheral
red blood cells, and no chromosome
aberration increase in bone marrow.
Bone concentrations of fluoride increased with dose to >7,000 ppm.
No SCE elevation in any exposed subgroup.

Only patients undergoing prosthesis fitting at Ramesh et
one hospital were selected; selection bias was al. 2001
possible. If replicated with systematic ascertainment, this design could indicate a mechanism for carcinogenic activity by fluoride.

Two (10%) cases had p53 mutants in
osteosarcoma tissue, and those two had
the highest bone tumor fluoride concentrations.

Dunipace et
al. 1996

Zeiger et al.
1994

Joseph and
Gadhia
2000

Insufficient documentation of subject ascertainment and demographic characteristics.

One of the high-fluoride villages had
elevated SCEs. No difference was
found between the other two and the
control village.

References
Van Asten
et al. 1998

Remarks

Findings
No cytogenetic effects compared with
the matched controls.
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Human embryo hepatocytes.
Treated with NaF at 40, 80, and 160 mg/L
for 24 hours.
Assay: single cell gel electrophoresis
(Comet assay)
Lipid peroxidase and glutathione also assayed.
In Vitro Animal Studies
Cell cultures of rodents, prosimians, apes,
and humans.
Assay: chromosome aberration.

Population or System/Method and Assay
Wistar rats exposed to NaF at 0, 7, and 100
mg/L in drinking water
Assay: single cell gel electrophoresis
(Comet assay)
In Vitro Human Studies
Synchronized human diploid fibroblasts.
Attempt to reconcile disparate methods of
classifying aberrations (e.g., gaps).
Assay: chromosome aberrations.
Cultured human diploid cells. NaF treatment for 2.5 hours or continuous.
Assay: clastogenicity.
Human diploid fibroblasts at quiescent
stage treated with NaF at 1 to 10 ppm (fluoride ion at 0.45 to 4.5 ppm), 1 to 3 weeks.
Assay: clastogenicity.
Human lymphocytes from 50 individuals
cultured in 10 to 30 ppm NaF.
Assays: chromosomal aberration and SCE.

TABLE 10-1 Continued

Clastogenicity of fluoride in great apes
and human cells only at 42 to 252 ppm
NaF.

Chromosomal aberration: 23% and 8%
increased frequency of total aberrations at 20 and 30 ppm, respectively,
but not at 10 ppm.
SCE: no effects reported.
Dose-related increase in single-strand Dose-related increase in lipid peroxidase,
DNA damage.
decrease in gluthathione, and increase in the
percentage of apoptotic cells.

Kishi and
Ishida 1993

Wang et al.
2004

Gadhia and
Joseph 1997

Tsutsui et
al. 1995

Fluoride concentrations in range of water
supplies.

No clastogenicity.

Aardema
and Tsutsui
1995
Oguro et al.
1995

Proposes mechanism of inhibition of DNA
synthesis and repair.

50 ppm NaF is lowest concentration
inducing aberrations.

References
Ribeiro et
al. 2004a

Fluoride clastogenic at >5 ppm. No
effect on ploidy.

Remarks

Findings
No increase in single-strand DNA
damage.

265

Ribeiro et
al. 2004b

No increase in single-strand DNA
damage.

Dose-related increases of chromosome Potential target organ of NTP carcinogenicity Mihashi and
studies that yielded osteosarcomas. Provides Tsutsui
aberrations at 0.5 and 1.0 mM for 24
1996
and 48 hours.
possible mechanism for carcinogenesis of
vertebrae.

Khalil 1995

Weak effects at 1.0 µM, NaF and KF.
Effects slightly greater for KF than
NaF.

References
Matthews et
al. 1993
Khalil and
Da’dara
1994

Remarks
Standard transformation assay modified to
increase sensitivity.

Dose-response observed for cytotoxicity. No inhibition of cell proliferation.
No effect on SCE.

Findings
1.2 to 4.6 mM (19 to 193 ppm) NaF
negative for transformation.

Abbreviations: KF, potassium fluoride; NaF, sodium fluoride; NTP, National Toxicology Program.

Population or System/Method and Assay
BALB/c-3T3 mouse cells.
Examined numerous chemicals, including
NaF.
Assay: cell transformation.
Rats (Sprague-Dawley) cultured bone marrow cells.
NaF and KF at 0.1 to 100 µM for 12, 24, or
36 hours.
Assay: cytotoxicity and SCE.
Rat (Sprague-Dawley) cultured bone marrow cells. Treated with NaF and KF 0.1 to
100 µM for 12, 24, or 36 hours.
Assay: chromosomal aberration and break.
Chinese hamster ovary cells.
Treated with NaF at 7.28, 56, and 100
µg/mL for 3 hours.
Assay: single cell gel electrophoresis
(Comet assay)
Rat (F344/N) vertebral cells. NaF treatments 1 to 3 days.
Assay: chromosomal aberration.

TABLE 10-1 Continued
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phenomenon. Micronuclei can be visualized in nondividing cells. The relatively new “Comet
assay” detects single-strand DNA damage in individual cells using microgel electrophoresis.
Effects on cell survival (cytotoxicity) and effects on cell division are commonly investigated and reported in the course of conducting in vitro cytogenetic studies, and they are included
in the summary below.
Human Cells in vitro
Interpreting the health significance of observed cytogenetic effects on human cells in culture depends on the dose, timing of application relative to the point in the cell cycle, and type of
cultured cells, among other factors. As of the 1993 NRC report, the existing data of this type
were inconsistent regarding the cytogenetic effects of fluorides. Since that time, Tsutsui et al.
(1995) applied sodium fluoride (NaF) at or near concentrations found in water supplies (1 to 10
ppm, equivalent to 0.45 to 4.5 ppm fluoride ion) to diploid fibroblasts for up to 3 weeks and did
not observe clastogenicity. Aardema and Tsutsui (1995) using a similar cell system found aberrations only above 50 ppm. The cell phases at which these effects were observed suggested that
the underlying mechanism of the chromosomal aberrations might be interference by fluoride
with DNA synthesis and repair. In human diploid IMR90 cells, Oguro et al. (1995) observed
clastogenicity only above 5 ppm NaF after short- and long-term applications. Gadhia and Joseph
(1997) noted that 20 and 30 ppm NaF, but not 10 ppm, caused aberrations. No effects on SCEs
were seen in their study. Recently, Wang et al. (2004) used the Comet assay to study genotoxicity in human embryo hepatocytes after treatment with NaF. They observed a dose-related increase in single-strand DNA damage at concentrations of 40, 80, and 160 mg/L.
Other Mammalian Systems in vitro
Previous studies with a wide variety of test systems found cytogenetic effects in some but
not all systems used (NRC 1993; WHO 2002; ATSDR 2003).
Recent studies with in vitro rodent systems include those by Khalil and Da’dara (1994)
and Khalil (1995). They evaluated effects on cultured bone marrow cells of Sprague-Dawley
rats after exposure to NaF or potassium fluoride (KF) at concentrations ranging from 0.1 µM to
0.1 mM (up to 2 ppm fluoride) for 12 to 36 hours. They did not observe increased SCE levels at
any concentration, although there was dose-dependent cytotoxicity. Both NaF and KF induced
chromosomal aberrations in a dose-dependent manner between 0.1 and 100 µM. Mihashi and
Tsutsui (1996) studied effects on cultured vertebral cells of F344/N rats after 1 to 3 days of 9 to
18 ppm NaF treatment and found dose-dependent increases in chromosomal aberrations based on
time and concentrations. Kishi and Ishida (1993) compared activity of NaF on chromosome aberrations for a series of cell lines from rodents, prosimians, great apes, and humans. Clastogenicity by 42 to 252 ppm NaF was seen only in the great ape and human cell lines. Their work thus
indicates a greater sensitivity to fluoride in human than in rodent cells. In an older study not included in the NRC (1993) report, Jagiello and Lin (1974) reported that in vitro exposure of oocytes to NaF disrupted meiotic anaphase of ewes and cows but not of mice. The effective doses
were the same order of magnitude as those reported by NRC in 1993 to cause chromosome aberrations in human lymphocytes. In vivo tests performed only in mice indicated that fluoride was
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not genotoxic, even at high doses. Ribeiro et al. (2004b) used the Comet assay to assess effects
of NaF on Chinese hamster ovary cells in vitro. No damage was observed at concentrations of
up to 100 µg/mL.
Rodent Systems in vivo
Zeiger et al. (1994) administered NaF in drinking water for 6 weeks to B6C3F1 mice and
assayed micronuclei and chromosome aberration occurrences. They observed no increases over
unexposed controls. Similarly, Dunipace et al. (1996) exposed diabetic and nondiabetic Zucker
male rats to fluoride concentrations up to 50 mg/L in water for up to 6 months. They found no
increase in the rate of SCEs for any test group.
Ribeiro et al. (2004a) exposed Wistar rats to NaF at 7 and 100 mg/L in drinking water for
6 weeks. Comet assays of peripheral blood, oral mucosa, and brain cells in vivo showed no increase in single-strand DNA damage.
Nonmammalian Systems in vivo
Previous work on nonmammalian systems was sparse but did not indicate consistent cytogenetic effects. No new relevant studies have been reported.
Human Cells in vivo
The NRC 1993 report noted the absence of human in vivo genotoxicity studies. Since
1993, important contributions to the evaluation of genotoxicity of fluoride have been in the area
of cytogenetic studies of human populations exposed via diverse routes to various fluorides.
Studies of human populations have the advantage of evaluating pertinent concentrations in a
physiologically relevant context, despite the limitations inherent in all epidemiologic observational studies of not controlling for all factors that might be pertinent. Relevant studies are
summarized below according to route of exposure.
Ingestion Route
The most well-documented in vivo human study published was that of Y. Li et al. (1995),
who assayed the fluoride concentrations in water, plasma, and urine in more than 700 individuals. Six groups of 120 subjects resided in different locales with average naturally occurring fluoride concentrations in drinking water varying between 0.2 and 5 mg/L. They observed that, although plasma and urine fluoride concentrations varied with water concentrations, the groups of
subjects living in the regions with higher concentrations of fluoride had lower average SCEs per
cell. The study controlled for the nutritional status of the subjects. Subsequently, Jackson et al.
(1997) compared SCE occurrence in lymphocytes of residents of communities with water fluoride concentrations of 0.2, 1, and 4 mg/L. Residents of the 4-mg/L fluoride community had more
average SCEs. In a follow-up study, there was no difference between the mean SCE level of a
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subsample of residents using the 4-mg/L community water and another sample of residents using
0.3-mg/L well water.
The following three less-well-documented studies reported associations between cytogenetic effects and residence in areas with high natural fluoride concentrations in drinking water.
Sheth et al. (1994) published a preliminary investigation of SCEs in 100 residents of Gujarat,
India, with fluorosis and 21 unaffected controls. They reported higher SCE rates among the
fluorosis cases as well as higher fluoride concentrations in the cases’ water. The design of this
study was seriously deficient, particularly because of the possibility of selection bias; cases and
controls were recruited from different areas (cases were from areas with higher naturally occurring fluoride in drinking water). Additionally, clinical criteria for case definition were not adequately documented. Wu and Wu (1995) examined peripheral blood lymphocytes in a small series (n = 53) of residents in a high-natural-fluoride area (4 to 15 mg/L) and 30 control residents
from a low-fluoride area (<1 mg/L) of Inner Mongolia. SCEs and micronuclei were more frequent only among subjects with fluorosis and not among those with higher exposures who did
not exhibit fluorosis. The report had a dearth of information on subject selection and on control
of potential confounding factors. Joseph and Gadhia (2000) later compared residents of three
villages that had drinking water concentrations of fluoride at 1.6 to 3.5 mg/L with residents of
Gujarat, India, where there is fluoride in residential drinking water at 0.7 mg/L . Chromosome
aberrations were strongly elevated in residents of all three of the villages. SCE rates were elevated only in residents of one of those, and the same village’s residents also demonstrated higher
chromosome aberrations in mitomycin-C-treated lymphocytes. Only 14 individuals were tested
from each village, and the method of subject selection was not reported.
Van Asten et al. (1998) found no cytogenetic effects (aberrations, micronuclei, or cell
cycle progression) on cultured lymphocytes in women who had been treated with fluoride (22.6
to 33.9 mg/day) for osteoporosis for 1 to 4 years.
Inhalation and/or Dermal Routes
Two articles published by Meng et al. (1995) and Meng and Zhang (1997) described cytogenetic assays in phosphate fertilizer workers. Inhalation of fluoride is the principal chemical
exposure in these plants. The air concentrations of fluoride ranged from 0.5 to 0.8 mg/m3 at the
time of the study. Chromosomal aberrations, micronuclei, and SCEs were all elevated in exposed workers. The length of exposure did not show a dose-dependent relationship with these
cytogenetic effects; those working at the plant for 5 to 10 years had the greatest effect compared
with those working for more than 10 years or less than 5 years. It is not clear, however, whether
length of employment is a pertinent exposure metric concerning the plausibility of cytogenetic
risk of fluoride for this cohort.
Cell Transformation
Cell transformation is the conversion of normal cells to neoplastic cells in vitro. In the
1993 NRC report, the positive transformation results reported were largely in Syrian hamster
embryo (SHE) cells for which results cannot be extrapolated to human systems or other cell
types (NRC 1993). However, in the one study that included an additional system, BALB/3T3
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mouse cells (Lasne et al. 1988), transformation was observed with NaF at 25 to 50 ppm primarily
in a promotional model with a known carcinogen as an initiator, suggesting this mechanism for a
potential carcinogenic effect of fluoride. Since that time, the only additional pertinent publication is by Matthews et al. (1993), who also used a BALB/3T3 system with assay modifications to
increase sensitivity. They tested numerous chemicals including 1.2 to 4.6 mM NaF (19 to 193
ppm), which did not exhibit transformational activity according to their criteria.
DNA Synthesis and Repair
A report from India (Ramesh et al. 2001) described a case series of 20 osteosarcoma patients of which the 2 with the highest fluoride concentrations in their tumor tissue had mutations
of the tumor-suppressor gene p53 and the others did not. The normal p53 allele appears to protect cells from some mutagenic exposures by enhancing DNA repair mechanisms, and the dominant, null mutation is often found in soft tissue and osteosarcomas (Wadayama et al. 1993; Hung
and Anderson 1997; Semenza and Weasel 1997). However, it should be noted that the fluoride
concentration reported in the tumors with p53 mutations (i.e., 64,000 and 89,000 mg/kg versus
1,000-27,000 mg/kg in the remaining patients) exceed the theoretical maximum fluoride concentration of 37,700 mg/kg in bone (see Chapter 3). No data were presented regarding drinking water concentrations or other sources of fluoride exposures for those patients. The observations in
this small case series are consistent with a role of fluoride in p53 mutations that could influence
the development of osteosarcoma.
No other studies on DNA synthesis or repair have been found since those reviewed in the
1993 NRC report. Previous results were inconsistent but suggested that a mechanism for
genotoxicity might be secondary to inhibition of protein or DNA synthesis (NRC 1993).
Update on Genotoxicity Conclusions and Recommendations of NRC (1993)
Overall, the results in in vitro systems summarized above are inconsistent and do not
strongly indicate the presence or absence of genotoxic potential for fluoride. In 1993, NRC concluded that the existing genotoxicity data probably were not of “genetic significance.” There
were no specific 1993 NRC recommendations regarding genotoxicity studies, although the report
did mention the dearth of human in vivo assays. The more recent literature on in vitro assays
does not resolve the overall inconsistencies in the earlier literature.
The human population in vivo studies published during the past 10 years comprise a new
body of data that might be pertinent to evaluating the genotoxic potential of fluoride; those population studies by definition integrate the pharmacokinetic contexts and actual cell environment
parameters resulting from external exposures, whether via water or other environmental media.
However, the inconsistencies in the results of these in vivo studies do not enable a straightforward evaluation of fluoride’s practical genotoxic potential in humans.
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CARCINOGENICITY
Animal Cancer Studies
Two studies were judged in the 1993 NRC review as adequate for the consideration of
carcinogenic evidence in animals: an NTP study in F344/N rats and B6C3F1 mice (NTP 1990)
and studies in Sprague-Dawley rats (Maurer et al. 1990) and in CD-1 mice (Maurer et al. 1993).
The latter study in CD-1 mice was in press at the time of the NRC (1993) review. Two neoplasms were noted in the weight-of-evidence discussion:
1. Positive dose-related increase in the trend (P = 0.027) of osteosarcoma in male F344/N
rats through drinking water route of exposure (NTP 1990)
2. Positive increase of osteoma in male and female CD-1 mice through dietary inclusion
exposure (Maurer et al. 1993).
The review concluded that “the collective data from the rodent fluoride toxicological studies do
not present convincing evidence of an association between fluoride and increased occurrence of
bone cancer in animals” (NRC 1993).
Since the publication of the 1993 NRC review, the discussion on the uncertainties and
overall weight of evidence in animals was further expanded (WHO 2002; ATSDR 2003). Most
of the uncertainties had already been highlighted in the NTP study. However, the nature of uncertainties in the existing data could also be viewed as supporting a greater precaution regarding
the potential risk to humans. The key issues are presented in this section. In addition, the committee found another NTP study that adds to the database on fluoride.
NTP Studies
In the chronic bioassays by NTP (1990), F344/N rats and B6C3F1 mice were administered NaF in drinking water at of 25, 100, and 175 mg/L, 7 days per week for 2 years. A summary of the neoplasms found is presented in Table 10-2. Osteosarcomas of the bone were found
in male rats (1 of 50 and 3 of 80 in the mid- and high-dose groups, respectively) but not in female rats or in mice. An additional male rat in the 175-mg/L group had osteosarcoma of the
subcutaneous tissue. Rats and mice exhibited tooth discoloration, and male rats had tooth deformities and attrition.
To adequately assess the oncogenicity of a chemical, it is important that the dose range
used in the study is sufficiently high, attaining the Maximum Tolerated Dose (MTD) or minimally toxic dose. There was a lack of significant toxicity of NaF in F344/N rats and B6C3F1
mice, which suggested that higher doses could be tolerated (NTP 1990). Thus, it can be argued
that the oncogenicity of fluoride in drinking water cannot be fully assessed on the basis of this
study. Although this could be the case for the study in mice, given that rats at the high dose already showed various tooth abnormalities, higher-dose treatment might interfere with the rat’s
ability to eat (NTP 1990).
Increased incidence of osteosarcoma was reported in the high-dose male rats (Table 102). Opinion differs regarding the appropriateness of including the one case of extraskeletal osteosarcoma in the remaining incidence of osteosarcomas found in vertebrae and humerus (NTP

272

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

TABLE 10-2 Incidence of Neoplasms Highlighted in the NTP and Maurer et al. Studies

NaF in Drinking Water (NTP 1990)a
Site of Neoplasm
Control
Male F344/N rats
Osteosarcoma: bone
0/80 (0%)+
Osteosarcoma: all sites
0/80 (0%)++
b
Oral cavity
0/80 (0%)
Thyroidc
1/80(1%)+
Female F344/N rats
Osteosarcoma: bone
0/80 (0%)
Osteosarcoma: all sites
0/80 (0%)
Oral cavityb
1/80 (1%)
Thyroidc
2/80 (3%)
NaF in Drinking Water (NTP 1992)
Site of Neoplasm
Control
Male F344 rats
Osteosarcoma: bone
2/49 (4%)
NaF in Diet (Maurer et al. 1993)d
Site of neoplasm
Control
Male CD-1 mice
Osteoma: bone
1/50 (2%)
Female CD-1 mice
Osteoma: bone
2/50 (3%)
a

25 mg/L

100 mg/L

175 mg/L

0/51 (0%)
0/51 (0%)
1/51 (2%)
1/51 (2%)

1/50 (2%)
1/50 (2%)
2/50 (4%)
1/50 (2%)

3/80 (4%)
4/80 (5%)
3/80 (4%)
4/80 (5%)

0/50 (0%)
0/50 (0%)
1/50 (2%)
0/50 (0%)

0/50 (0%)
0/50 (0%)
1/50 (2%)
2/50 (4%)

0/81 (0%)
0/81 (0%)
3/81 (4%)
2/81 (2%)
250 mg/L
1/49 (2%)

4 mg/kg/day

10 mg/kg/day

25 mg/kg/day

0/42 (0%)

2/44 (5%)

13/50 (26%)***

4/42 (10%)

2/44 (5%)

13/50 (26%)**

Statistical significance: trend test at P ≤ 0.05 (+); P ≤ 0.01 (++). Fisher pair-wise comparison at P ≤ 0.01 (**); P ≤
0.001 (***). The average daily dose for the male rat control, 25-, 100-, or 175-mg/L group was 0.2, 0.8, 2.5, or 4.1
mg of fluoride/kg/day.
b
Included squamous papillomas and squamous cell carcinomas in oral mucosa, tongue, or pharynx.
c
Follicular cell adenomas or carcinomas.
d
The given dose is in NaF. Adjusted for the 45% weight difference between fluoride and NaF, the dose for the
treatment group was 1.8, 4.5, or 11.3 mg of fluoride/kg/day. Fluoride intake for the control mice was 0.9 mg of
NaF/kg/day (0.4 mg of fluoride/kg/day) for the males and 1.1 mg of NaF/kg/day (0.5 mg of fluoride/kg/day) for the
females.

1990; PHS 1991; ATSDR 2003). The incidence from all sites gives stronger statistical significance than from the bone alone, lowering the P value from P = 0.027 to P = 0.01 for dose- related trend (logistic regression test) and from P = 0.099 to P = 0.057 for the pair-wise comparison with the controls (NTP 1990). A comparison with the historical control series was also presented, although its significance was compromised because of the higher fluoride in the standard
diet used for the historical data, and because the radiograph used in the fluoride drinking water
study was not routinely used in bone examinations (NTP 1990). Osteosarcoma is a rare tumor in
rats. More recent historical data from Haseman et al. (1998) became available after the data
from Haseman et al. (1985) that were used for the evaluation in the fluoride drinking water
study. The data published in 1985 included studies completed between 1979 and 1984, whereas
the data published in1998 were a 7-year collection up to January 1997. The 1990-1997 data
showed a lower historical incidence of 0.1% (range 0% to 2%) each for bone and for all skin
sites (Haseman et al. 1998). Ideally, historical data closer to the time frame of the bioassay of
comparison would be more pertinent. On the basis of the 1990-1997 data, the incidence of osteosarcoma at the high dose appeared to exceed the historical range. Nevertheless, the same is-
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sues in making comparisons with historical data remain—historical control animals were not fed
a low-fluoride diet and their bones were probably not examined with radiograph.
Additionally highlighted in the NTP report were the oral cavity squamous papillomas and
squamous cell carcinomas (oral mucosa, tongue, pharynx) in male and female rats and thyroid
follicular cell adenomas and carcinomas in high-dose male rats (Table 10-2). Both showed some
increase with dose. The incidence at the high dose exceed the historical control but stayed
within the high end of the historical range and was not statistically significant from the concurrent control. The marginal increase in these neoplasms might not provide additional weight to
the overall evidence of oncogenicity, but their occurrence could serve as an additional guide for
epidemiologic studies.
Among the other tumor sites and types highlighted in the NTP report as not statistically
and biologically significant was the hepatocellular neoplasm (adenoma, carcinoma, hepatoblastoma, and hepatocholangiocarcinoma) in male and female mice (NTP 1990). Among these neoplasms, five in male and four in female treatment groups (unspecified) were reported by the contract laboratory as hepatocholangiocarcinoma (NTP 1990). All but one in the females were reclassified into hepatoblastoma by the NTP pathology working group (NTP 1990). The incidence
of these rare neoplasms not seen in the concurrent controls (historical hepatoblastoma of 0/2,197
in male mice and 1/2,202 in female mice) was judged as not significant when grouped with the
more common hepatocellular adenomas and carcinomas (NTP 1990).
Another study conducted by NTP (1992, released in 2005) that bears on the carcinogenicity evaluation of fluoride is one that investigated the interaction of fluoride on the development
of osteosarcoma induced by ionizing radiation. Pertinent to the committee’s evaluation was a
group of non-irradiated male F344 rats that were administered NaF at 250 mg/L in drinking water for two years. Of the 49 rats per group that were examined, osteosarcoma of the bone occurred in one NaF treated rats and two non-irradiated controls. Thus, the results did not show an
increase of osteosarcoma with NaF. However, this single data point does not have sufficient statistical power for detecting low level effects and rendered its observed results statistically compatible with those from the NTP (1990) bioassay. It is noteworthy that the study had the unexpected result that none of the irradiated animals developed osteosarcoma.
Maurer et al. Studies
Maurer et al. (1990, 1993) fed Sprague-Dawley rats and CD-1 mice diets containing NaF
at doses of 4, 10, and 25 mg/kg/day for up to 99 weeks (rats) or 97 weeks (mice). Evidence of
toxicity included decreased weight gain in the high-dose rats and non-neoplastic changes of the
teeth (rats and mice), bones (rats and mice), joints (mice), and stomach (rats). In rats, no incidence of preneoplastic or neoplastic lesions was significantly different from that in controls. In
mice, increased incidence of osteomas (noncancerous bone tumors) was reported (Table 10-2).
The many limitations of the studies in rats and mice were identified in the earlier NRC
(1993) review. The histopathologic examination of bones was not performed for all test animals
(PHS 1991; WHO 2002; ATSDR 2003). Data on neoplasm were reported only for the bone and
stomach. Moreover, based on the joint review by the Carcinogenicity Assessment Committee,
Center for Drug Evaluation and Research, and U.S. Food and Drug Administration, questions
were raised about the adequacy of the histopathologic examinations (PHS 1991). In the original
report, fibroblastic sarcoma with areas of osteoid formation, chordoma, and chondroma were

274

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

found in the males and osteosarcoma and chondroma were found in the females. However, the
joint review discovered additional osteosarcoma in males and females. Collectively, those discrepancies called into question the weight of this negative study in the overall weight-ofevidence consideration (PHS 1991).
In the study with CD-1 mice, increased osteoma was reported in males and females at the
high dose (Maurer et al. 1993). The authors reported that retrovirus infection in mice from all
test groups might have confounded the occurrence of osteoma. The earlier NRC (1993) review
considered the impact of the infection and concluded that the fluoride exposure was the most obvious cause for the increase in osteoma. However, based on the view of the Armed Forces Institute of Pathology (AFIP) that the osteomas were more reminiscent of a hyperplastic lesion, NRC
(1993) concluded that their relevance to humans was questionable.
Human Cancer Studies
General Issues
Inherent difficulties for conducting epidemiologic studies of the cancer potential of fluoride and drinking water are similar to those challenges of studying most environmental chemicals. The limitations severely affect the possibility of identifying relatively small effects on cancer incidence and, especially, cancer mortality. Chief among them are the latency of cancer diagnosis after exposure to causal factors, typically spanning more than 10 years and often reaching 30 years. Migrations into and out of fluoridated areas often lead to misclassification of exposures when individual residency histories are not known. The diversity of cancers, comprising
many different diseases rather than a single entity, necessitates evaluating each type of cancer
separately rather than all cancers combined. Even so, there are few cancers for which specific
environmental chemicals impart high attributable risks for the overall population or even among
exposed populations.
The basic criteria for evaluating studies are appropriate methodology, potential selection
and information biases, statistical power to detect real associations, appropriate time windows for
assessing exposures and potential effects, and control for potential confounding by sociodemographic and other factors. In addition, sufficiently specific end points (types of cancer) and adequate exposure estimation are necessary for any epidemiologic study of fluoride and cancer to be
informative for the committee’s task. A further issue is consideration of sensitive subpopulations
based on a priori physiologic or previous epidemiologic data. Finally, it is necessary to apply
biologic plausibility criteria and a weight-of-evidence approach to evaluate whether any observed associations should be interpreted as causal.
Many of the studies published before and since the 1993 NRC report are “ecologic studies.” In these designs, populations rather than individuals are the units of observation. A typical
ecological study regresses disease rates in different areas against average exposures. Such studies are usually less expensive and less time-consuming to conduct because the component data
are already available. Incidence data are often very reliable if they are derived from high-quality
population-based registries and census data. However, ecologic studies are often insensitive to
small effects because of their design. The Agency for Toxic Substances and Disease Registry
(ATSDR 2003) estimated that the ecologic studies performed to date for fluoride and cancer did
not have sensitivities to detect less than 10% to 20% increases in cancer risk. Ecologic studies
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can be subject to large amounts of bias. Confounding factors and limited ability to control for
such factors can be particularly serious problems (see Appendix C for a more detailed discussion
of ecologic bias).
In semi-individual (partially ecologic) designs, individual-level information is collected
for outcome and important variables, but exposure is assigned at the group level (e.g., based on
residence or job title). Although such studies can share some characteristics of fully ecologic
studies, they have much better ability to control confounding (see Appendix C).
Individual-based studies are composed of (1) case-control studies in which a group of
people with a disease are compared with a sample of the population giving rise to the cases (controls) with regard to exposures that occurred before diagnosis, (2) cohort studies in which exposed and nonexposed people are followed forward in time and the disease experience of the two
groups are compared, and (3) hybrids of these case-control and cohort designs. In environmental
epidemiology, generally hundreds of subjects are required to detect with statistical significance
any less than a twofold increase in risk of disease associated with a particular exposure. If an
environmental agent is a weak carcinogen, with risks as low as 1 per 100,000 or 1 per 1,000,000
of those affected, it is extremely difficult to detect such effects by standard epidemiologic methods. This is particularly true of cohort studies, which would need to enroll large numbers of subjects to detect differences between exposed and unexposed cohorts when the risks are low.
Epidemiology Data for Carcinogenicity of Fluoride
The weight of evidence for epidemiologic studies that NRC reviewed in 1993 did not indicate cancer risk to humans from fluoride exposure. However, the predominant methods used,
particularly ecologic studies for which individual exposure histories could not be collected and
confounding variables could not be controlled, were inadequate to rule out a weak effect. Some
studies reported positive associations and some did not, but many of the studies were flawed in
that adjustment for potential sociodemographic confounders was lacking or inadequate.
Epidemiologic studies published since the early 1990s and other pertinent studies not included in the 1993 NRC review are detailed in Table 10-3. The data are discussed below according to target sites for which associations with fluoride have been reported by at least one study.
Bone and Joint Cancers, Particularly Osteosarcoma
Osteosarcoma presents the greatest a priori plausibility as a potential cancer target site
because of fluoride’s deposition in bone, the NTP animal study findings of borderline increased
osteosarcomas in male rats, and the known mitogenic effect of fluoride on bone cells in culture
(see Chapter 5). Principles of cell biology indicate that stimuli for rapid cell division increase
the risks for some of the dividing cells to become malignant, either by inducing random transforming events or by unmasking malignant cells that previously were in nondividing states. Osteosarcoma is a rare disease, with an overall annual incidence rate of approximately 0.3 per
100,000 in the United States (Schottenfeld and Fraumeni 1996). The age of diagnosis is bimodal
with peaks before age 20 and after age 50.

522 workers exposed.

Worldwide.

Ecologic Studies
Ecologic, correlations of
cancer incidence (combined) for fluoride concentrations.
49 cities or countries on 5 continents, classified as high or
low cancer incidence. Where
fluoride concentrations were
unavailable, used data from
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10 high and 10 low matched
towns compared. Total populations exceeded 1 million.
Rate ratios (SMRs) generated.

Observations
9 areas, 36 different sites of
cancer, three 5-year periods.
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Okinawa, Japan.
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The incidence and mortality studies of osteosarcoma reviewed by NRC 1993 were ecologic or semi-ecologic in design. Their results were contradictory and inconclusive. The incidence
studies of Hoover et al. (1991) at the National Cancer Institute observed that osteosarcoma rates
in young males increased in the fluoridated areas compared with the nonfluoridated areas of two
SEER registries they analyzed (Iowa and Seattle). However, the authors concluded that an association of fluoridation and osteosarcoma was not supported by the data because there was no linear trend of increased rate of osteosarcoma with the duration of fluoridation of the pertinent water supplies. The Hrudey et al. (1990) osteosarcoma incidence study in Alberta, Canada, and the
Freni and Gaylor (1992) mortality analysis of bone cancer for 40 cancer registries worldwide
found no evidence of association with fluoride.
Cohn (1992) in New Jersey had findings suggestive of an association of fluoride in public
water with increased osteosarcoma in young males. The osteosarcoma rate ratio among males
below age 20 in the Cohn analysis, based on 20 cases, was 3.4 (95% confidence interval [CI] 1.8
to 6). Mahoney et al. (1991) generated bone cancer and osteosarcoma incidence rate ratios for
the years 1975-1987 for fluoridated and nonfluoridated counties of New York State (excluding
New York City). The authors did not observe an association of fluoridation and osteosarcoma or
other bone cancers for either gender, including for those younger than age 30.
As discussed above, strengths of all the ecologic studies included the largely complete
ascertainment of cases through the population-based cancer registries; the chief limitation is the
potential for large amounts of bias and poor ability to adjust for covariates.
Since the 1993 NRC report, Yang et al. (2000)1 conducted an ecologic analysis of cancer
mortality in 20 municipalities in Taiwan, half with measurable naturally occurring fluoride concentrations. They controlled for urbanization and sociodemographic variables. Bone cancers
(not specifically osteosarcoma) were nonsignificantly elevated (rate ratio [RR] of 1.6, 95% CI
0.92 to 2.17) in males but decreased in females (RR of 0.87, 95% CI 0.52 to 1.44). The range of
fluoride concentrations was not reported, but the median and mean were about 0.25 mg/L.
Also since 1993, four individual-based studies have been published. Gelberg (1994) and
Gelberg et al. (1995) conducted a population-based case-control study of osteosarcoma before
age 25 in New York State. It included 130 cases and one matched control for each case. Controls were drawn from birth certificates, with replacement for those that could not be located.
Parents and/or patients were interviewed regarding residence history and exposure to fluoride
through drinking water, consumer dental products, dental supplements, and fluoride treatments.
Analyses were conducted according to estimated lifetime dose of fluoride in total milligrams
from each source of potential exposure, both separately and combined. When data on all subjects were analyzed, total fluoride exposures showed an inverse relationship with osteosarcoma.
Use of fluoride gels had strong negative associations with osteosarcoma. Based on the parents’
interviews alone (97% of subjects), the authors found negative associations with total estimated
fluoride intake from all sources, particularly due to a strong negative association of osteosarcoma
with estimated quantities of fluoride ingested from toothpaste. Odds ratios (ORs) were above 1.0
for all categories of lifetime fluoride intake from drinking water compared with those with zero
estimated intake from that source, particularly among females. This distinction is particularly
noteworthy because Gelberg et al. had higher estimates of the relative contributions of fluoride
from toothpaste ingestion compared with drinking water than those reflected in Chapter 2 of this
report (see Figure 2-1). The source of the study’s estimates of toothpaste ingestion was not
specified, but the relative proportions were most similar to those shown in Figure 2-1 for ages 2
1

This study did not analyze age subgroups and, therefore, did not address particular risk for young males or females.
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to 6. If the relative contributions from toothpaste were exaggerated, then the findings regarding
fluoride specifically from drinking water could arguably be given greater weight. Analyses of
average annual fluoride exposure did not differ markedly from the observations on cumulative
exposure estimates, thereby controlling to some degree for age of diagnoses.
A reduced set of 59 respondent pairs who were the actual patients or their controls (i.e,
excluding proxies) showed positive associations, with very wide CIs, for both fluoridated water
alone and for total fluoride exposure (only combined genders were analyzed in this smaller series). There were no analyses using lagged exposure estimates to consider hypothetical latencies
between potential exposures and diagnosis of osteosarcoma, so it is possible that inclusion of
nonpertinent exposures could lead to misclassification of relevant exposures.
Gelberg et al. concluded that their study showed no association of osteosarcoma and fluoride exposure. To date, this study is the closest to fulfilling the recommendation of the 1993
NRC report regarding conducting one or more analytic studies of osteosarcoma and fluoride exposure. However, no bone fluoride concentrations could be assessed through this design.
Moss et al. (1995) conducted a case-control analysis of osteosarcoma in Wisconsin by
using only public records (without interviews). For the 167 cases, 989 cancer controls were selected from the state cancer registry among patients with other types of cancer (brain, digestive
system). The study controlled for size of town, age at diagnosis, and radium levels in drinking
water and did not observe an association of fluoridation at the time of case diagnosis with osteosarcoma. Because exposure classifications were assigned without interviews or other sources
of residence history or water source data, this design is similar to that of a semiecologic study.
The authors also examined young age groups specifically.
A pilot hospital-based case-control study of patients under age 40 was published by
McGuire et al. (1991), indicating a nonsignificant negative association with a small series of osteosarcomas (34 cases and matched controls). A full-scale case-control study by this group
(Douglass 2004) is now under way. Its design is described below because of its potential for future contribution to this issue.
Grandjean et al. (1992) and Grandjean and Olsen (2004) conducted a historical cohort
study among cryolite production workers in Denmark who previously had been documented to
suffer high rates of skeletal fluorosis. Cryolite is composed of about 50% fluoride, and the
workers were not believed to be exposed to suspected carcinogens of any other type via their
work. The authors did not control for smoking. There were no bone fluoride measurements.
However, daily dose of fluoride to these workers during their time of employment could be estimated at about 30 mg/day. Over many years of employment, workers’ exposure would tend to
greatly exceed chronic exposures from ingestion of fluoride at the current MCL of 4 mg/L. No
osteosarcoma incident or mortality cases were observed among their 522 subjects, and, given the
rarity of osteosarcoma, the authors concluded an 18-fold upper bound on the relative risks of this
disease from the exposures encountered by their cohort.
The central research chapter of an unpublished dissertation by Bassin (2001) on fluoride
and osteosarcoma has recently become publicly available. The author described the work as exploratory. The report has important strengths and major deficits, some of which are described
below.
The design is a case-control study of people under 20 years of age from 11 teaching hospitals in the United States. Cases (n = 91) were retrospectively ascertained and 188 controls
were hospitalized patients in the same orthopedics departments. Controls were matched with
cases according to distance of residence from the hospital. Hospital-based controls can introduce
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serious selection bias; osteosarcomas treated at the participating teaching hospitals are more
likely to be representative of all osteosarcomas occurring in the surrounding populations,
whereas patients treated for fractures or other common orthopedic ailments at these teaching
hospitals may not be as representative of the overall population that gave rise to the cases. If
fluoride exposure is either a risk factor or a protective factor for the group of hospitalized controls (e.g., fracture patients), the resulting relative risk estimates could be biased downward or
upward, respectively. For example, the dissertation did not provide any data on what proportion
of the controls comprised fracture patients.
All subjects or their surrogates were interviewed about lifetime residence history, a
strength of the design. However, individual information on key socioeconomic factors such as
education and income was not collected. Average income levels based on zip codes were used
but might not reflect individual socioeconomic status. Lack of such information can be problematic if socioeconomic status, or factors for which it is a surrogate, introduce confounding.
The primary exposure metrics for fluoride in drinking water were based on a combination
of data from the Centers for Disease Control and Prevention, states, locales, and purveyors on
year-specific water system fluoride concentrations expressed as proportions of the recommended
fluoride guidelines. Based on tertiles for the controls, three exposure categories were expressed
as 100%, 30% to 99%, and <30% of the target concentrations for fluoridated water.
A unique feature of the analysis published in the literature so far was an exploratory
analysis of ORs for each specific year of age. Bassin found elevated ORs for the highest tertile
compared with the lowest centering on ages 6 to 8. At age 7, the respective ORs (and 95% confidence intervals) were 7.2 (1.7 to 30.0) for males and 2.0 (0.43 to 9.28) for females. For the
highest tertile, graphed results for males indicated a gradual increase and then a decrease of estimated relative risk from exposure at ages 0 to 15 with peaks at age 7, with the middle tertile,
compared with the lowest, showing stable ORs across all ages. For females, both the middle and
highest tertiles of exposure showed relatively unchanging relative risk estimates across exposure
ages.
There was no analysis of cumulative exposures to fluoride, and therefore it is difficult to
compare the Gelberg study, which used only cumulative exposure indices, with the Bassin work.
This dissertation had a paucity of data in the results section, hampering its interpretation; for example, the report did not provide numbers of subjects in the categories upon which the ultimate
analyses were based. Also, there were no data on bias potential stemming from nonparticipation
of subjects due to refusal to be included or inability to locate them.
Nevertheless, the higher ORs for males than for females, and the highest ORs at ages 6 to
8, during what the author describes as the “mid-childhood growth spurt for boys,” are consistent
with some previous ecologic or semiecologic studies (Hoover et al. 1991; Cohn 1992) and with a
hypothesis of fluoride as an osteosarcoma risk factor operating during these ages. A publication
based on the Bassin thesis is expected in the spring/summer of 2006 (E. Bassin, personal communication, Jan. 5, 2006). If this paper provides adequate documentation and analyses or the
findings are confirmed by another study, more weight would be given to an assessment of fluoride as a human carcinogen.
A relatively large hospital-based case-control study of osteosarcoma and fluoride exposure is under way (Douglass 2004) and is expected to be reported in the summer of 2006 (C.
Douglass, Harvard University, personal communication, January 3, 2006). Most of the incident
cases are identified via eight participating medical centers in California, District of Columbia,
Florida, Illinois, Massachusetts, Nebraska, and Ohio. The study has prospectively identified 189
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incident cases of osteosarcoma and 289 hospital controls. Controls are orthopedic patients at the
same hospitals as osteosarcoma patients and include patients diagnosed with malignancies other
than osteosarcoma and other patients admitted for benign tumors, injuries, and inflammatory diseases. Matching criteria include gender, age, and geographic characteristics. The investigation
includes residence histories and detailed interviews about water consumption as well as fluoride
assays of bone specimens and toenails of all subjects. The ultimate analysis and validity of this
study will depend partly on the degree to which control selection is not biased in such a way as
to artificially increase or decrease the likelihood of fluoride exposure compared with the general
population to which this study is intended to apply.
A preliminary retrospective recruitment phase of this investigation, including telephone
interviews, residential history reconstruction, and an attempt to estimate dietary fluoride intakes,
reported ORs of 1.2 to 1.4 that were not statistically significant (Douglass 2004). No confidence
intervals were provided. The Douglass study may have limited statistical power to detect a small
increase in osteosarcoma risk due to fluoride exposure, but the committee expects the forthcoming report is likely to be a useful addition to the weight of evidence regarding the presence or degree of carcinogenic hazard that fluoride ingestion might pose to osteosarcoma risk, particularly
if it addresses some of the limitations of hospital-based studies that are mentioned above in the
description and critique of the Bassin theses.
Kidney and Bladder Cancers
The plausibility of the bladder as a target for fluoride is supported by the tendency of hydrogen fluoride to form under physiologically acid conditions, such as found in urine. Hydrogen
fluoride is caustic and might increase the potential for cellular damage, including genotoxicity.
The Hoover et al. (1991) analyses of the Iowa and Seattle cancer registries indicated a consistent,
but not statistically significant, trend of kidney cancer incidence with duration of fluoridation.
This trend has not been noted in other publications, although Yang et al. (2000) observed that
the adjusted mortality rate ratios of kidney cancers among males in Taiwan was 1.55 (95% CI
0.84 to 2.84). The analogous rate for females was 1.37 (95% CI 0.51 to 3.70). Yang et al. noted
statistically significant RRs in females for bladder cancer (RR = 2.79, 95% CI 1.41 to 5.55; for
males RR = 1.27, 95% CI 0.75 to 2.15).
The Grandjean et al. (1992) and Grandjean and Olsen (2004) historical occupational cohort study of cryolite workers in Denmark (described earlier in the section on bone and joint cancers), who were followed from 1941 to 2002, observed an elevated standardized incidence ratio
(SIR) for bladder cancers (SIR = 1.67, 95% CI 1.02 to 2.59). The SIR is the ratio of observed
cases of cancer to the expected number of cases based on incidence rates of the general population. Higher SIRs were seen among males employed more than 10 years, males less than 35
years old when follow-up began, and among workers observed after a minimum latency of 30
years (Grandjean and Olsen 2004). In the absence of data on smoking, the authors interpreted
the higher SIRs for bladder cancer than for lung cancer to suggest that smoking was unlikely to
be the major cause of the elevated bladder cancer incidence. The authors proposed (2002) that
excretion of fluoride compounds entailed exposure of the pertinent target tissues. As noted
above, the estimated exposures of the cryolite workers were about 4-fold greater than those estimated from ingestion of fluoridated water at the MCL of 4 mg/L. However, those workers were
exposed for fewer years than those involved in lifetime residency.
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Romundstad et al. (2000) reported on cancer among Norwegian aluminum workers exposed to polycyclic aromatic hydrocarbons and fluorides. SIRs for bladder and lung cancer were
elevated among the exposed workers. However, separate effects from the two exposures could
not be distinguished from this paper. Further, the authors review and compare earlier studies that
used different aluminum plant processes, which support the role of polycyclic aromatic hydrocarbons in bladder cancer among the exposed cohort. It may be noteworthy that smoking did not
appear to be a confounder for the risk of bladder or lung cancer among the exposed cohort. The
authors state, but do not present data, that they found a “weak association” of bladder for fluoride
exposures lagged less than 20 years.
Oral/Pharyngeal Cancer
The NCI analysis (Hoover et al. 1991) indicated an a priori interest in oral cancers. In
Iowa, one of the two cancer registries they analyzed, the authors observed a trend among males
in the incidence rates of oropharyngeal cancer with duration of fluoridation, but mortality analyses did not indicate an association with fluoridation. However, in an earlier study in England,
oral-pharyngeal cancers among females constituted the only site-gender category for which standardized mortality ratios in England were found to be significantly elevated in areas with naturally occurring high fluoride concentrations, defined as more than 1.0 mg/L. Twenty-four sitegender combinations were examined for 67 small areas (Chilvers and Conway 1985).
Uterine Cancer
An association of uterine cancer (combination of cervical and corpus uteri) with fluoridation was reported by Tohyama (1996), who observed mortality rates in Okinawa before and
after fluoridation was terminated, controlling for sociodemographics. This analysis is a followup of the positive results from a previous exploratory analysis that comprised a large number of
comparisons conducted by this researcher with the same data set. The only other recent publication to report on uterine cancers is that of Yang et al. (2000), who observed a mortality rate ratio
of 1.25 with 95% CI of 0.98 to 1.60.
Other Specific Cancers
Respiratory cancers were elevated among the cohort of Danish cryolite miners for whom
exposure was by the inhalation route (Grandjean et al. 1992; Grandejan and Olsen 2004; see discussions above on this cohort study). SIRs of 1.51 (95% CI 1.11 to 2.01) were observed for the
cohort as a whole, with higher SIRs among those after 30 years of exposure and among males
younger than 35 when follow-up began. No smoking data on the cohort were collected. Also,
except for mortality among females in Taiwan (Yang et al. 2000), there has not been corroborating data from other analyses for respiratory cancers.
No association between lung cancer and exposure to polycyclic aromatic hydrocarbons
and fluorides was found in a study of the Norwegian aluminum industry (Romundstad et al.
2000).
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The NCI incidence or mortality analyses conducted by Hoover et al. (1991) observed a
few suggestive increases among some subgroups for soft tissue sarcoma, non-Hodgkin’s lymphoma, colorectal cancer, and lip cancer, but those cancers were not a priori of concern as related
to fluoride exposure based on biologic plausibility.
All Cancers Combined
A large number of mortality analyses for all cancers combined have been reported and
reviewed previously (NRC 1993; McDonagh et al. 2000a), and most of those did not detect an
association of combined cancer mortality with fluoridated water. Typically, studies that only
report combined cancer rates are not informative for assessing possible associations between an
environmental exposure and a specific cancer outcome, particularly an uncommon cancer. Thus,
the committee did not use these types of studies as part of its evaluation.
Other Studies Evaluated
The following three studies were reviewed but were not included by the committee in the
evaluation of weight of evidence of carcinogenicity of fluoride for the reasons summarized below.
Takahashi et al. (2001) conducted an ecologic analysis of data from nine U.S. cities for
three 5-year intervals spanning 1978-1992 combined with fluoridation data. Their analysis involved regression of log-transformed cancer incidence rates on the log-transformed proportion of
residents receiving fluoridated water. This paper is difficult to interpret and to compare with
other studies in part because of its novel method of analysis. Unusual cancer subsites are included and major anatomical groupings typically appearing in cancer incidence reports (e.g.,
lymphocytic leukemia, breast, uterus) were omitted. Results were incompletely reported for subsets of data for particular cancer sites, creating issues of multiple comparisons and selective
presentation. Another issue is that the ecologic exposure variable is the percentage of the population in each area with fluoridated water (or naturally occurring fluoride at 0.7 mg/L or higher).
This is an aggregated form of a dichotomous variable on the individual level, which tends to bias
results away from the null. There was inconsistent standardization of the outcome variable
(which was age standardized) and the exposure variable (which was not), which can lead to bias.
There was no adjustment for confounding by urbanization or other sociodemographic factors
among the nine cities, which included widely different geographic, industrial, and demographic
characteristics, and there was no population weighting by size. Finally, ecologic bias is best understood for linear or log-linear regression, making this study harder to interpret.
Steiner (2002) conducted an ecologic analysis of latitude, temperature, and fluoridated
water in 49 cities worldwide. When fluoride concentrations were unavailable for these cities, he
substituted data from neighboring areas. Average daily temperature and latitude were also included in his models, but not simultaneously. Steiner analyzed only all cancers combined. He
found a negative association between cancer incidence and fluoridation.
Yiamouyiannis (1993) subtracted female from male cancer incidence rates for the United
States and for New Jersey as an indication of fluoride’s carcinogenic effect among males. This
paper used circular reasoning to reach a conclusion of causality; that is, it concluded that higher
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cancer rates in males indicate an association with fluoride on the basis of a presumed causation
by fluoride of cancers in males. Because most cancers do not occur at the same rates in each
gender, the committee judges it is inappropriate to subtract rates of women from those of men as
a means of evaluating factors that only affect bone cancer in males.
It has been suggested that differences in osteosarcoma rates found in provinces of Kenya
could be related to fluoride exposure (C. Neurath, Fluoride Action Network, unpublished data,
June 17, 2005). For eight provinces of Kenya, Neurath correlated enamel fluorosis prevalences
reported by Chibole (1987) with osteosarcoma incidence rates reported by Bovill et al. (1985)
and found a strong association. This type of fully ecological analysis (see Appendix C) has its
inherent advantages and limitations; in this instance, however, the underlying ratios of observedto-expected osteosarcoma incidence are not reliable because Bovill et al. do not state that their
incidence data were adjusted for differences in the age structure of various provincial populations. Bovill does state that Kenya is characterized by strong contrasts of ethnicity and other
demographics among its geographic regions. The provincial summaries are weighted averages
of the children examined, but it is not stated if they are also weighted averages of the underlying
populations. Chibole does not state how the children examined in Kenyan schools and hospitals
were selected (i.e., whether the fluorosis prevalence data collected were ascertained in a manner
that would accurately reflect the populations of the component provinces). Chibole’s detailed
table indicates a wide range of prevalences of fluorosis within many of the provinces (e.g., from
3.7 to 69.5% in the Rift Valley province).
Summary of Cancer Epidemiology Findings
The combined literature described above does not clearly indicate that fluoride either is
or is not carcinogenic in humans. The typical challenges of environmental epidemiology are
magnified for the evaluation of whether fluoride is a risk factor for osteosarcoma. These challenges include: detection of relatively low risks, accurate exposure classification assessment of
pertinent dose to target tissues, multiple causes for the effect of interest, and multiple effects of
the exposure of interest. Assessing whether fluoride constitutes a risk factor for osteosarcoma is
complicated by (1) how uncommon the disease is, so that cohort or semi-ecologic studies are not
based on large numbers of outcomes, and (2) the difficulty of characterizing biologic dose of interest for fluoride because of the ubiquity of population exposure to fluoride and the difficulty of
acquiring bone samples in non-affected individuals.
In summary, there has been partial but incomplete fulfillment of NRC’s recommendations on individual-based cancer studies in the intervening years since 1993; one analytic study
of osteosarcoma has been published, but bone samples were not included. The alternative (hospital-based) design, including bone assays, from the Harvard group might be more useful in addressing this issue.
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EPA GUIDELINES AND PRACTICE IN SETTING
MCLGs REGARDING CARCINOGENICITY
The EPA Office of Drinking Water establishes MCLGs of zero for contaminants that are
known or probable human carcinogens. Chemicals for which cancer hazard is judged to be absent are regulated via the reference dose (RfD) method (see Chapter 11). “Methodology for Deriving Ambient Water Quality Criteria for the Protection of Human Health (2000)” reviewed
EPA’s additional practice of applying an uncertainty factor between “1 and 10” to an RfD derived from noncancer health effects (EPA 2000d). This procedure has been used for substances
judged to be possibly carcinogenic in humans. That methodology document also stipulates that
the water concentrations estimated to result in 10−6 to 10−5 excess cancer risks should also be assessed under the RfD scenario for comparison.
As of April 2005, EPA has adopted new “Guidelines for Carcinogen Risk Assessment,”
which has replaced the 1986 categories with weight-of-evidence descriptors, involving textual
consideration and explanation of how each category was arrived at. In addition, the Guidelines
provide for consideration of mode of action and sensitive subpopulations, especially children
(EPA 2005a,b). In addition to mode of action, other factors for weighing human epidemiologic
studies and lifetime whole animal bioassays include data on biomarkers (genotoxicity and other
assays of exposure, susceptibility, and effect) and toxicokinetics. Thus, key decisions about cancer pertinent to a MCLG for drinking water include an assessment of whether an MCLG of zero
is appropriate based on the current epidemiologic, animal bioassay and additional contributing
data. If not, EPA will need to decide whether an uncertainty (safety) factor greater than 1.0 and
up to 10.0 should be applied to an RfD derived from a precursor response to tumors.
Some recent examples of the use by EPA of RfDs with additional safety factors imposed
because of possible carcinogenic hazard, based on the July 1999 Cancer Guidelines, include the
MCLG for disinfection by-products (EPA 2003c). For dibromochloromethane (DBCM), EPA
imposed an additional uncertainty factor of 10 to account for possible carcinogenicity based on
studies of DBCM by NTP in 1985 that showed an increase in liver tumors in both genders of
mice but no increase in either gender of rats. Similarly for trichloroacetic acid (TCA), an additional uncertainty factor of 10 was added to the MCLG derived from the RfD; TCA induced liver
tumors in mice but not in rats. According to EPA (J. Donohue, EPA, personal communication,
2004) no such factor of magnitude less than 10 has yet been used in generating MCLGs for
drinking water. Furthermore, carcinogenicity via routes other than ingestion has not been used to
impose such additional factors on an RfD for a chemical.
FINDINGS
The 1993 NRC report recommended the following:
Conduct one or more highly focused, carefully designed analytical studies (case
control or cohort) of the cancer sites that are most highly suspect, based on data
from animal studies and the few suggestions of a carcinogenic effect reported in
the epidemiological literature. Such studies should be designed to gather information on individual study subjects so that adjustments can be made for the potential
confounding effects of other risk factors in analyses of individuals. Information
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on fluoride exposure from sources other than water must be obtained, and estimates of exposure from drinking water should be as accurate as possible. In addition, analysis of fluoride in bone samples from patients and controls would be
valuable in inferring total lifetime exposures to fluoride. Among the disease outcomes that warrant separate study are osteosarcomas and cancers of the buccal
cavity, kidney, and bones and joints.
As described above, some progress in those directions have been made, with the most comprehensive study still in progress (Douglass 2004).
Fluoride appears to have the potential to initiate or promote cancers, particularly of the
bone, but the evidence to date is tentative and mixed (Tables 10-4 and 10-5). As noted above,
osteosarcoma is of particular concern as a potential effect of fluoride because of (1) fluoride
deposition in bone, (2) the mitogenic effect of fluoride on bone cells, (3) animal results described
above, and (4) pre-1993 publication of some positive, as well as negative, epidemiologic reports
on associations of fluoride exposure with osteosarcoma risk.
Several studies indicating at least some positive associations of fluoride with one or more
types of cancer have been published since the 1993 NRC report. Several in vivo human studies
of genotoxicity, although limited, suggest fluoride’s potential to damage chromosomes. The
human epidemiology study literature as a whole is still mixed and equivocal. As pointed out by
Hrudey et al. (1990), rare diseases such as osteosarcoma are difficult to detect with good statistical power.
TABLE 10-4 Evidence Summary for Carcinogenicity of Fluoride: Epidemiologic Studies and
Rodent Lifetime Bioassays
Cancer
Site/Type
Osteosarcoma

Oral cavity

Individual-Based Epidemiology
Ecologic Epidemiology
Studies
Studies
Case-control studies ambiguous (ad- Mixed.
ditional comprehensive hospitalbased case-control study including
bone fluoride measurements is under
way).
NCI incidence elevated in
males, but no mortality
trends. Several other reports positive.

Thyroid
Kidney and/or
bladder
Uterine
Respiratory

Animal Data
Male F344/N rats:
Borderline positive.
Male F344 rats: inconclusive
Nonstatistically significant increase in
male rats.
Nonstatistically significant increase in
male rats.

Occupational cohort: positive findSome positive reports.
ing, inhalation route, high exposures.
One positive report.
Occupational cohort positive finding, One positive report.
inhalation route, high exposures.
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TABLE 10-5 Evidence Summary for Carcinogenicity of Fluoride: Genotoxicity and
Mechanistic Assays
Type of Effect and Assay
Mitogenesis
Cytogenetic effects: human in vivo exposure,
in vitro assay.
Cytogenetic effects: human in vitro exposure,
in vitro assay.
Cytogenetic effects: other mammalian systems.
Transformation.
DNA repair mechanism: human.
Mutation: mammalian systems.
Mutation: microorganisms.

Strength of Evidence
Well established.
Inconsistent; and the positive findings were from weak
papers.
Inconsistent.
Inconsistent.
Inconsistent; the positive results are consistent with a
promotion mechanism.
Suggestive positive finding regarding tumor suppressor
gene, small case series.
Inconsistent.
Negative.

In animal studies, the overall incidence of osteosarcoma in male rats showed a positive
trend. Based on the more recent historical control data (Haseman et al. 1998) that were closer to
the time frame of the NTP study, the 4 to 5% incidence at the high dose might have exceeded the
historical range. The relevance of rat osteosarcoma to humans was discussed based on the species differences in the development of long bone, the common site of human osteosarcoma (NTP
1990). Specifically, ossification of human long bones is completed by18 years of age whereas it
continues in rats throughout the first year of life (PHS 1991). Nevertheless, most of the osteosarcomas found in male rats were not in long bones.
In another study (NTP 1992), that used the same strain and sex of rats, no increase in osteosarcomas was reported, even though the animals were exposed to a higher concentration of
fluoride than in the earlier study. However, the primary intent of the NTP (1992) study was to
test the hypothesis that ionizing radiation is an initiator of osteosarcoma and that fluoride is a
promoter, and the committee thought it was noteworthy that none of the irradiated animals developed osteosarcomas.
The 1993 NRC review concluded that the increase in osteoma in male and female mice
(Maurer et al. 1993) was related to fluoride treatment. Although the subsequent review by AFIP
considered these mouse osteomas as more closely resembling hyperplasia than neoplasia, given
that osteoma is widely recognized as neoplastic, the evidence of osteoma remains important in
the overall weight-of-evidence consideration. The increased incidence and severity of osteosclerosis in high-dose female rats in the NTP study demonstrated the mitogenic effect of fluoride in
stimulating osteoblasts and osteoid production (NTP 1990) (see also Chapter 5).
The genotoxicity data, particularly in vivo human studies, are also conflicting; whereas
three were positive on the basis of the ingestion route (Sheth et al. 1994; Wu and Wu 1995; Joseph and Gadhia 2000), all three of these reports had serious deficits in design and/or reporting,
including the characterization of how the study populations were selected and whether the exposed and unexposed study subjects were comparable. Two studies (Meng et al. 1995; Meng
and Zhang 1997) were positive for the inhalation route among workers in a phosphate fertilizer
factory, although other contaminants cannot be ruled out as the causal factors. Contrasting negative observations by other investigators (Li et al. 1995; Jackson et al. 1997; Van Asten et al.
1998) must also be considered.
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RECOMMENDATIONS
Carcinogenicity
• The results of the Douglass et al. multicenter osteosarcoma study (expected in the
summer of 2006) could add important data to the current body of literature on fluoride risks for
osteosarcoma because the study includes bone fluoride concentrations for cases and controls.
When this study is published, it should be considered in context with the existing body of evidence to help determine what follow-up studies are needed.
• Further research on a possible effect of fluoride on bladder cancer risk should be conducted. Since bladder cancer is relatively common (compared with osteosarcoma), both cohort
and case-control designs would be feasible to address this question. For example, valuable data
might be yielded by analyses of cancer outcomes among the cohorts followed for other health
outcomes, such as fractures (see Chapter 5).
Genotoxicity
• The positive in vivo genotoxicity studies described in the chapter were conducted in India and China, where fluoride concentrations in drinking water are often higher than those in the
United States. Further, each had a dearth of information on the selection of subjects and was
based on small numbers of participants. Therefore, in vivo human genotoxicity studies in U.S.
populations or other populations with nutritional and sociodemographic variables similar to those
in the United States should be conducted. Documentation of subject enrollment with different
fluoride concentrations would be useful to addressing the potential genotoxic hazards of fluoridated water in this country.

11
Drinking Water Standards for Fluoride

The U.S. Environmental Protection Agency (EPA) has three standards for fluoride in
drinking water: a maximum-contaminant-level goal (MCLG), a maximum contaminant level
(MCL), and a secondary maximum contaminant level (SMCL). In this chapter, the committee
reviews the MCLG and SMCL for fluoride, the two nonenforceable standards, for their scientific
basis and adequacy for protecting the public from adverse effects. First, an overview of current
procedures for establishing exposure standards is provided, and risk assessment issues that have
developed since the original MCLG and SMCL for fluoride were established are discussed.
CURRENT METHODS FOR SETTING STANDARDS FOR DRINKING WATER
To establish MCLGs for drinking water, EPA reviews studies of health effects of
individual contaminants and uses the information to calculate an exposure level at which no
known or anticipated adverse health effects would occur with an adequate margin of safety.
MCLGs consider only public health and not the limits of detection or treatment technology, so
they may be set at concentrations that water systems cannot achieve.
Noncarcinogenic Contaminants
For noncarcinogenic chemicals, the MCLG is based on the reference dose, which is
defined as an estimate (with uncertainty spanning perhaps an order of magnitude or greater) of a
daily dose to the human population (including susceptible subpopulations) that is likely to have
no appreciable risk of deleterious health effects during a lifetime. The reference dose
characterizes exposure conditions that are unlikely to cause noncancer health effects, which are
typically assumed to have a threshold dose above which adverse health effects would be
expected to occur.
Traditionally, reference doses are determined by identifying the most sensitive health
effects that are relevant to the human, selecting a no-observed-adverse-effect level (NOAEL) or
a lowest-observed-adverse-effect level (LOAEL), and dividing the NOAEL or LOAEL by one or
more uncertainty factors to provide a margin of safety. Uncertainty factors are applied to address
uncertainties with using experimental animal data for human effects (interspecies differences) to
account for variable susceptibilities in the human population (intraspecies differences), to adjust
for differences between the LOAEL and NOAEL when a LOAEL is used instead of a NOAEL
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(LOAEL-to-NOAEL extrapolation), to account for uncertainties with predicting chronic
exposure effects on the basis of subchronic exposure studies (subchronic to chronic
extrapolation), and to address uncertainties when the database on the chemical is inadequate.
Sometimes a modifying factor is used to account for additional uncertainty not addressed by the
standard uncertainty factors.
Typically, uncertainty factors are assigned values ranging from 1 to 10. If information
about a factor is sparse and uncertainty is high, a default value of 10 is generally used. If
information is available, the uncertainty factor might be reduced to 1. For an uncertainty factor
that falls between 1 and 10, a factor of 3 is typically assigned, because 3 is the approximate
logarithmic mean of 1 and 10, and it is assumed that the uncertainty factor is distributed
lognormally (EPA 1994). To calculate a reference dose, the NOAEL or LOAEL is divided by
the product of the uncertainty factors. EPA typically uses a maximum of 3,000 for the product
of four uncertainty factors that individually are greater than 1 and a maximum of 10,000 with
five uncertainty factors (Dourson 1994).
More recently, the benchmark dose is being used as the starting point for calculating
reference doses. The benchmark dose is a dose with a specified low level of excess health risk,
generally in the range of 1% to 10%, which can be estimated from data with little or no
extrapolation outside the experimental dose range. Specifically, the benchmark dose is derived
by modeling the data in the observed experimental range, selecting an incidence level within or
near the observed range (e.g., the effective dose producing a 10% increased incidence of
response), and determining the upper confidence limit on the model. To account for
experimental variation, a lower confidence limit or uncertainty factors on the benchmark dose
are used to ensure that the specified excess risk is not likely to be exceeded.
To derive an MCLG, the reference dose is multiplied by a typical adult body weight of 70
kg and divided by an assumed daily water consumption of 2 L to yield a drinking water
equivalent level. That level is multiplied by a percentage of the total daily exposure contributed
by drinking water (usually 20%) to calculate the MCLG. EPA then uses the MCLG to set an
enforceable standard (the MCL). The MCL is set as close to the MCLG as feasible.
Carcinogenic Contaminants
EPA sets MCLGs of zero for contaminants that are known or probable human
carcinogens. For chemicals judged to be possibly carcinogenic to humans, EPA has recently
begun applying an uncertainty factor between 1 and 10 to the reference dose derived from
noncancer health effects to determine some exposure standards, such as certain ambient waterquality criteria (EPA 2000d). EPA stipulates that the water concentrations estimated to result in
1 × 10−6 to 1 × 10−5 excess cancer risks should also be compared with the reference dose.
NEW RISK ASSESSMENT CONSIDERATIONS
Since the fluoride MCLG and SMCL were originally issued, there have been a number of
developments in risk assessment. A few of those issues were described above in the discussion
of current risk assessment practices (e.g., use of benchmark dose). Below, a few specific issues
relevant to the committee’s review of the drinking water standards for fluoride are discussed,
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including advances in carcinogenicity assessment, relative source contribution, special
considerations for children, and explicit treatment of uncertainty and variability.
Carcinogenicity Assessment
In 2005, EPA issued its new Guidelines for Carcinogen Risk Assessment (EPA 2005a) as
a replacement for its 1986 guidelines (EPA 1986). The revised guidelines were issued partly to
address changes in the understanding of the variety of ways in which carcinogens can operate.
For example, the guidelines provide a framework that allows all relevant biological information
to be incorporated and the flexibility to consider future scientific advances.
The guidelines provide several options for constructing the dose-response relationship, in
contrast to the single default dose-response relationship of the 1986 cancer guidelines.
Biologically based extrapolation is the preferred approach for quantifying risk. It involves
extrapolating from animals to humans based on a similar underlying mode of action. However,
in the absence of data on the parameters used in such models, the guidelines allow for alternative
quantitative methods. In the default approaches, response data are modeled in the range of
observation and then the point of departure or the range of extrapolation below the range of
observation is determined. In addition to modeling tumor data, other kinds of responses are
modeled if they are considered measures of carcinogenic risk. Three default approaches—linear,
nonlinear, and both—are provided. Curve fitting in the observed range provides the effective
dose corresponding to the lower 95% limit on a dose associated with a low level of response
(usually in the range of 1% to 10%). That dose is then used as a point of departure for
extrapolating the origin as the linear default or for a margin of exposure as the nonlinear default.
Other modifications of interest in the new guidelines include the following:
• All biological information and not just tumor findings is considered in the hazardassessment phase of risk assessment.
• Mode of action is emphasized to reduce the uncertainty in describing the likelihood of
harm and in determining the dose-response approaches.
• A weight-of-evidence narrative replaces the 1986 alphanumeric classification
categories. The narrative describes the key evidence, potential modes of action, conditions of
hazard expression, and key default options used.
• Direction is provided on how the overall conclusion and the confidence about risk are
presented and a call is made for assumptions and uncertainties to be clearly explained.
Relative Source Contribution
EPA has developed a relative source contribution policy for assessing total human
exposure to a contaminant. Under this policy, nonwater sources of exposure are considered in
development of the reference dose. The percentage of total exposure typically accounted for by
drinking water is applied to the reference dose to determine the maximum amount of the
reference dose “apportioned” to drinking water reflected by the MCLG value. In the drinking
water program, the MCLG cannot account for more than 80% or for less than 20% of the
reference dose (EPA 2000d). Typically, a conservative approach is used by applying a relative
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source contribution factor of 20% to the reference dose when exposure data are inadequate. It is
assumed that the major portion (80%) of the total exposure comes from other sources, such as
the diet. This policy contrasts with past “subtraction” methods of determining relative source
contributions, in which sources of exposure other than drinking water were subtracted from the
reference dose.
In EPA’s Methodology for Deriving Ambient Water Quality Criteria for the Protection of
Human Health, a process called the exposure decision tree (Figure 11-1) is proposed as another
means for determining relative source contributions (EPA 2000d). This method considers the
adequacy of available exposure data, levels of exposure, relevant sources/media of exposure, and
regulatory agendas. The exposure decision tree approach offers flexibility in the reference dose
apportionment among sources of exposure and uses chemical information (e.g., chemical and
physical properties, uses of the chemical, environmental fate and transformation, likelihood of
occurrence in various media) when monitoring data are inadequate. The process also allows for
use of either the subtraction or the percentage method to account for other exposures, depending
on whether one or more health-based criterion is relevant for the chemical in question. The
subtraction method can be used when only one criterion is relevant to a chemical. In those cases,
other sources of exposure can be considered “background” and can be subtracted from the
reference dose (EPA 2000d).
Risk to Children
In 1996, EPA’s Office of the Administrator issued Environmental Health Threats to
Children (EPA 1996b) and set an agenda that called for considering children’s risks in all EPA
actions. Children are considered a special subpopulation because their health risks can differ
from those of adults as a result of their immature physiology, metabolism, and differing levels of
exposure due to factors such as greater food consumption per unit of body weight and outdoor
play activities. Different levels of exposure for children are typically considered in risk
assessments, but the underlying toxicity database often does not specifically address effects on
children. Such limitations in toxicity data are typically addressed by applying uncertainty factors
to protect susceptible populations. In 2005, EPA issued special guidance for assessing
susceptibility to carcinogens during early life stages (EPA 2005b).
FLUORIDE STANDARDS
Maximum-Contaminant-Level Goal
In 1986, EPA established an MCLG for fluoride of 4 mg/L to protect against “crippling”
(clinical stage III) skeletal fluorosis. At that time, a reference dose for fluoride was not
available, and the MCLG was calculated from a LOAEL of 20 mg/day estimated from case
studies (Moller and Gudjonsson 1932), the assumption that adult water intake is 2 L per day, and
the application of a safety factor of 2.5. EPA selected the safety factor to establish an MCLG
that was in agreement with a recommendation from the U.S. Surgeon General (see Chapter 1).
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The committee considered three toxicity end points for which there were sufficient
relevant data for assessing the adequacy of the MCLG for fluoride to protect public health:
severe enamel fluorosis, skeletal fluorosis, and bone fractures.

FIGURE 11-1 Exposure Decision Tree for Defining Proposed Reference Dose Apportionment.
Source: EPA 2000d. Abbreviations: POD, point of departure; UF, uncertainty factor
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Severe Enamel Fluorosis
In the past, moderate to severe forms of enamel fluorosis were considered to be
aesthetically displeasing but not adverse to health, largely because there was no direct evidence
that moderate-to-severe enamel fluorosis, as observed in the United States, had resulted in tooth
loss, loss of tooth function, or psychological problems. In reviewing the collective evidence, the
committee considered moderate and severe forms of the condition separately. Severe enamel
fluorosis is characterized by enamel loss and pitting. This damage compromises enamel’s
protective barrier and can make the teeth more susceptible to environmental stresses and to caries
formation because it allows bacteria, plaque, and food particles to become entrapped in the
enamel. Caries is dental decay caused by bacterial infection. When the infection goes
unchecked, cavities may form that can cause toothache and tooth sensitivity to temperature and
sweets. If cavities are untreated, the infection can lead to abscess, destruction of bone, and
spread of the infection to other parts of the body (USDHHS 2000). While increased risk of
caries has not been firmly established, the majority of the committee found that destruction of the
enamel and the clinical practice of treating the condition even in the absence of caries provide
additional lines of evidence for concluding that severe enamel fluorosis is an adverse health
effect. Severe enamel fluorosis occurs at an appreciable frequency, approximately 10% on
average, among children in U.S. communities with water fluoride concentrations at or near the
current MCLG of 4 mg/L. Thus, the committee concludes that the MCLG of 4 mg/L is not
protective against severe enamel fluorosis.
Two of the 12 members of the committee did not agree that severe enamel fluorosis
should now be considered an adverse health effect. They agreed that it is an adverse dental
effect but found that no new evidence has emerged to suggest a link between severe enamel
fluorosis, as experienced in the United States, and a person’s ability to function. They judged
that demonstration of enamel defects alone from fluorosis is not sufficient to change the
prevailing opinion that severe enamel fluorosis is an adverse cosmetic effect. Despite their
disagreement on characterization of the condition, these two members concurred with the
committee’s conclusion that the MCLG should prevent the occurrence of this unwanted
condition.
Strong evidence exits that the prevalence of severe enamel fluorosis is nearly zero at
water fluoride concentrations to below 2 mg/L. For example, Horowitz et al. (1972) found that
partial defluorination of drinking water from 6.7 mg/L to slightly below 2 mg/L prevented severe
enamel fluorosis. Moderate forms of enamel fluorosis decreased from 42% to 3%.
Skeletal Fluorosis
Skeletal fluorosis is a bone and joint condition associated with prolonged exposure to
high concentrations of fluoride. Fluoride increases bone density and appears to exacerbate the
growth of osteophytes in the bone and joints, which leads to the radiological characteristics of
the condition and associated pain. Crippling skeletal fluorosis (or clinical stage III) is the current
basis of EPA’s MCLG. The term crippling historically has been used to describe alterations in
bone architecture and calcification of tissues that progress to the degree that they limit an
individual’s range of motion.
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The committee judges that stage II skeletal fluorosis (the stage before mobility is
significantly affected) should also be considered an adverse health effect. This stage is
characterized by chronic joint pain, arthritic symptoms, slightly calcified ligaments, increased
osteosclerosis/cancellous bones, and possibly osteoporosis of long bones (PHS 1991). No new
studies and few clinical cases of skeletal fluorosis in healthy U.S. populations have been reported
in recent decades. To determine whether EPA’s MCLG protects the general public from stage II
and stage III skeletal fluorosis, the committee compared pharmacokinetic predictions of bonefluoride concentrations and historical data on iliac-crest bone-fluoride concentrations associated
with the different stages of skeletal fluorosis. It found that bone-fluoride concentrations
estimated to be achieved from lifetime exposure to fluoride at 4 mg/L (10,000 to 12,000
milligrams per kilogram [mg/kg] ash) fall within or exceed the ranges historically associated
with stage II and stage III skeletal fluorosis (4,300 to 9,200 gm/kg ash and 4,200 to 12,700
mg/kg ash, respectively). This suggests that the MCLG might not protect all individuals from
the adverse stages of the condition. However, stage III skeletal fluorosis appears to be a rare
condition in the United States, and the existing epidemiologic evidence is insufficient for
determining whether stage II skeletal fluorosis is occurring in U.S. residents. Thus, before any
conclusions can be drawn, more research is needed to clarify the relationship between fluoride
ingestion, fluoride concentrations in bone, and stage of skeletal fluorosis.
Bone Fractures
The database on fluoride’s effects on bone fractures has expanded since the earlier
National Research Council (NRC) review. A number of observational studies have compared
bone fracture rates between populations exposed to different concentrations of fluoride in
drinking water. The committee focused its review on studies involving exposure to fluoride near
or within the range of 2 to 4 mg/L. Several strong studies (Sowers et al. 1991; Kurttio et al.
1999; Li et al. 2001) indicated an increased risk of bone fracture, and the results of other studies
(Sowers et al. 1986; Alarcon-Herrera et al. 2001) were qualitatively consistent with that finding.
The one study using serum fluoride concentrations found no appreciable relationship to fractures
(Sowers et al. 2005). Because serum fluoride concentrations may not be a good measure of bone
fluoride concentrations or long-term exposure, the ability to show an association might have
been diminished.
A larger database on clinical trials of fluoride as an osteoporosis treatment was also
reviewed. A meta-analysis of randomized clinical trials of fluoride reported an elevated risk of
new nonvertebral fractures (1.85, 95% CI = 1.36, 2.50) and a slightly decreased risk of vertebral
fractures (0.90, 95% CI = 0.71, 1.14) after 4 years (Haguenauer et al. 2000). An increased risk
of bone fracture was found among those studies. Although the doses of fluoride were higher in
the clinical trials than were experienced by people drinking water with fluoride at 4 mg/L, the
length of exposure was shorter. Although comparison of these sets of data involves several
assumptions, the ranges of estimated concentrations of bone fluoride were similar in the clinical
trials (5,400 to 12,000 mg/kg ash) and observational studies (6,200 to >1,000 mg/kg ash).
Pharmacokinetic modeling indicates that these concentrations of fluoride in bone could result
from lifetime exposure to fluoride at 4 mg/L in drinking water.
Fracture risk and bone strength have been studied in animal models. The studies have
shown that fluoride increases bone mass but results about its effect on the strength of bone are

296

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

conflicting. Some investigators have reported a biphasic effect on bone strength (Beary 1969;
Rich and Feist 1970; Turner et al. 1992), with lower concentrations of fluoride increasing
strength and higher concentrations reducing it, but others have not found this effect (Turner et al.
1995). The weight of the evidence from laboratory studies indicates that, although fluoride
might increase bone volume, strength per unit volume is lower. Studies of rats indicate that bone
strength begins to decline when fluoride in bone ash reaches the range of 6,000 to 7,000 mg/kg
(Turner et al. 1992). Studies in rabbits have shown that fluoride might decrease bone strength by
altering the structural integrity of the bone microarchitecture (Turner et al. 1997; Chachra et al.
1999). However, more research is needed to address uncertainties associated with extrapolating
animal data on bone strength and fractures to humans.
Overall, there was consensus among the committee that there is scientific evidence that
under certain conditions fluoride can weaken bone and increase the risk of fractures. The
majority of the committee concluded that lifetime exposure to fluoride at drinking water
concentrations of 4 mg/L or higher is likely to increase fracture rates in the population, compared
with exposure to 1 mg/L, particularly in some demographic subgroups that are prone to
accumulate fluoride into their bones (e.g., people with renal disease). However, three of the 12
members judged that the evidence only supported a conclusion that the MCLG might not be
protective against bone fracture. These members judge that more evidence is needed that bone
fractures occur at an appreciable frequency in human populations exposed to fluoride at 4 mg/L
before drawing a conclusion that the MCLG is likely to be not protective.
Secondary Maximum Contaminant Level
EPA established an SMCL of 2 mg/L on the basis of cosmetically “objectionable”
enamel fluorosis, defined as discoloration and/or pitting of teeth. The SMCL was selected to
prevent objectionable enamel fluorosis in a significant portion of the population. EPA reviewed
data on the prevalence of moderate and severe enamel fluorosis and found that, at a fluoride
concentration of 2 mg/L in drinking water, the prevalence of moderate fluorosis ranged from 4%
to 15% and that severe cases were observed at concentrations above 2.5 mg/L. Because of the
anticaries properties of fluoride, EPA judged 2 mg/L to be an adequate upper-boundary guideline
to limit the occurrence of objectionable enamel fluorosis and provide some anticaries benefit.
The SMCL is not a recommendation to add fluoride to drinking water. The SMCL is a guideline
for naturally occurring fluoride to be used by the states for reducing the occurrence and severity
of enamel fluorosis, a condition considered by EPA to be a cosmetic condition. If fluoride in a
community water system exceeds the SMCL but not the regulatory MCL, a notice about the
potential risk of enamel fluorosis must be sent to all customers served by the system. The
committee evaluated the SMCL only in terms of its protection against adverse cosmetic and
health effects, including enamel fluorosis, skeletal fluorosis, and bone fracture. Prevention of
caries was not evaluated.
Enamel Fluorosis
The committee considers moderate enamel fluorosis to be a cosmetic effect, because the
available data are inadequate for categorizing the moderate form as adverse to health on the basis
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of structural or psychological effects. There are no studies since 1993 to assess the prevalence of
enamel fluorosis at 2 mg/L, but previous reports have shown a distinct increase (approximately
15%) in moderate enamel fluorosis around 2 mg/L. Thus, the SMCL will not completely prevent
the occurrence of moderate enamel fluorosis. As noted above, SMCL was intended to reduce the
severity and occurrence of the condition to 15% or less of the exposed population. The available
data indicates that less than 15% of children would experience moderate enamel fluorosis of
aesthetic concern (discoloration of the front teeth). However, the degree to which moderate
enamel fluorosis might go beyond a cosmetic effect to create an adverse psychological effect or
an adverse effect on social functioning is not known.
While a few cases of severe enamel fluorosis occasionally have been reported in
populations exposed at 2 mg/L, it appears that other sources of exposure to fluoride or other
factors contributed to the condition. For example, similar rates of severe enamel fluorosis were
reported in populations exposed to negligible amounts of fluoride in drinking water and in
populations exposed at 2 mg/L (Selwitz et al. 1995; Kumar and Swango 1999; Nowjack-Raymer
et al. 1995). Thus, the committee concludes that the SMCL of 2 mg/L adequately protects the
public from the most severe stage of the condition (enamel pitting).
Skeletal Fluorosis
Few new data are available on skeletal fluorosis in populations exposed to fluoride in
drinking water at 2 mg/L. Thus, the committee’s evaluation was based on new estimates of the
accumulation of fluoride into bone (iliac crest/pelvis) at that concentration (on average 4,000 to
5,000 mg/kg ash) and historical information on stage II skeletal fluorosis (4,300 to 9,200 mg/kg
ash). A comparison of the bone concentrations indicates that lifetime exposure at the SMCL
could lead to bone fluoride concentrations that historically have been associated with stage II
skeletal fluorosis. However, as noted above, the existing epidemiologic evidence is insufficient
for determining whether stage II skeletal fluorosis is occurring in U.S. residents, so no
quantitative conclusions could be made about risks or safety at 2-mg/L exposures.
Bone Fracture
There were few studies to assess bone fracture risk in populations exposed to fluoride at 2
mg/L in drinking water. The best available study was from Finland, which provided data that
suggested an increased rate of hip fracture in populations exposed to fluoride at >1.5 mg/L
(Kurttio et al. 1999). However, this study alone is not sufficient to base judgment of fracture risk
for people exposed to fluoride at 2 mg/L in drinking water. Thus, no quantitative conclusions
could be drawn about fracture risk or safety at the SMCL.
Susceptible Subpopulations
Populations in need of special consideration when determining the MCLG and SMCL for
fluoride include those at risk because their exposure to fluoride is greater than that of the average
person or because they are particularly vulnerable to the effects of fluoride. The first category

298

FLUORIDE IN DRINKING WATER: A SCIENTIFIC REVIEW OF EPA’S STANDARDS

includes people who consume much larger volumes of water than assumed by EPA, such as
athletes and outdoor workers, who consume large volumes of water to replace fluids lost because
of strenuous activity, and people with medical conditions that cause them to consume excessive
amounts of water (e.g., diabetes insipidus). Individuals who consume well over 2 L of water per
day will accumulate more fluoride and reach critical bone concentrations before the average
water drinker exposed to the same concentration of fluoride in drinking water. In Chapter 2, it
was estimated that for high-water-intake individuals, drinking water would contribute 92% to
98% of the exposure to fluoride at 4 mg/L and 86% to 96% at 2 mg/L. Another consideration is
individuals who are exposed to other significant sources of fluoride, such as occupational,
industrial, and therapeutic sources.
There are also environmental, metabolic, and disease conditions that cause more fluoride
to be retained in the body. For example, fluoride retention might be affected by environments or
conditions that chronically affect urinary pH, including diet, drugs, altitude, and certain diseases
(e.g., chronic obstructive pulmonary disease) (reviewed by Whitford 1996). It is also affected by
renal function, because renal excretion is the primary route of fluoride elimination. Age and
health status can affect renal excretion. Individuals with renal disease are of particular concern
because their ability to excrete fluoride can be seriously inhibited, causing greater uptake of
fluoride into their bones. However, the available data are insufficient to provide quantitative
estimates of the differences between healthy individuals and people with renal disease.
Another category of individuals in need of special consideration includes those who are
particularly susceptible or vulnerable to the effects of fluoride. For example, children are
vulnerable for developing enamel fluorosis, because the condition occurs only when there is
exposure while teeth are being formed (the pre-eruption stages). Thus, children up to the age of
8 are the susceptible subpopulation of concern for that end point. The elderly are another
population of concern because of their long-term accumulation of fluoride into their bones.
There are also medical conditions that can make people more susceptible to the effects of
fluoride.
Relative Source Contribution
At the time the MCLG was established for fluoride, a reference dose was not available
and the MCLG was calculated directly from available data rather than as an apportioned part of
the reference dose. In Chapter 2, the committee shows that at 4 mg/L, drinking water is the
primary contributor to total fluoride exposure, ranging from 72% to 94% for average-waterintake individuals and from 92% to 98% for high-water-intake individuals. At 2 mg/L, drinking
water contributes 57% to 90% for average-water-intake individuals and 86% to 96% for highwater-intake individuals. Thus, it is important that future revisions to the MCLG take into
consideration that water is a significant, and sometimes the most significant, source of exposure
to fluoride.
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FINDINGS AND RECOMMENDATIONS
Maximum-Contaminant-Level Goal
In light of the collective evidence on various health end points and total exposure to
fluoride, the committee concludes that EPA’s MCLG of 4 mg/L should be lowered. Lowering
the MCLG will prevent children from developing severe enamel fluorosis and will reduce the
lifetime accumulation of fluoride into bone that the majority of the committee concluded is likely
to put individuals at increased risk of bone fracture and possibly skeletal fluorosis, which are
particular concerns for subpopulations that are prone to accumulating fluoride in their bone.
Recommendation: To develop an MCLG that is protective of severe enamel fluorosis,
clinical stage II skeletal fluorosis, and bone fractures, EPA should update the risk assessment of
fluoride to include new data on health risks and better estimates of total exposure (relative
source contribution) in individuals and to use current approaches to quantifying risk,
considering susceptible subpopulations, and characterizing uncertainties and variability.
Secondary Maximum Contaminant Level
The prevalence of severe enamel fluorosis is very low (near zero) at fluoride
concentrations below 2 mg/L. However, from a cosmetic standpoint, the SMCL does not
completely prevent the occurrence of moderate enamel fluorosis. EPA has indicated that the
SMCL was intended to reduce the severity and occurrence of the condition to 15% or less of the
exposed population. The available data indicates that fewer than 15% of children would
experience moderate enamel fluorosis of aesthetic concern (discoloration of the front teeth).
However, the degree to which moderate enamel fluorosis might go beyond a cosmetic effect to
create an adverse psychological effect or an adverse effect on social functioning is not known.
Recommendations: Additional studies, including longitudinal studies, of the prevalence
and severity of enamel fluorosis should be done in U.S. communities with fluoride concentrations
greater than 1 mg/L. These studies should focus on moderate and severe enamel fluorosis in
relation to caries and in relation to psychological, behavioral, and social effects among affected
children, among their parents, and among affected children after they become adults.
To better define the aesthetics of enamel fluorosis, methods should be developed and
validated to objectively assess enamel fluorosis. Staining and mottling of the anterior teeth
should be distinguished from staining of the posterior teeth so that aesthetic consequences can
be more easily assessed.
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Society for Regulatory Toxicology and Pharmacology, the Commanders Award for Public
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Toxicology. He is a national associate of the National Academies. Dr. Doull received his M.D.
and Ph.D. in pharmacology from the University of Chicago.
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Laboratory Medicine at Brown University. His research interests are in male reproductive
biology and toxicology, particularly the potential roles of germ-cell proliferation and apoptosis
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Dr. Boekelheide serves on the NRC Committee on Toxicity Testing and Assessment of
Environmental Agents and has served on the Committee on Gender Differences in Susceptibility
to Environmental Factors: A Priority Assessment. He is a past member of the Board of
Scientific Counselors of the National Toxicology Program (NTP), currently serves on the NTP
Center for the Evaluation of Risks to Human Reproduction expert panel that is evaluating di-(2ethlyhexyl)phthalate, was chair of the National Institutes of Health Center for Scientific Review
Special Emphasis Panel, Fetal Basis of Adult Disease: Role of the Environment. Dr.
Boekelheide received his M.D. and Ph.D. in pathology from Duke University and is board
certified in anatomic and clinical pathology.
BARBARA FARISHIAN is a practicing dentist in Washington, DC, and is on the faculty of the
University of Maryland Dental School. She is a fellow of the Academy of General Dentistry,
past president of the Capitol Academy of Dentistry, and a member of the Board of Directors of
the District of Columbia Dental Society, an affiliate of the American Dental Association. Before
attending dental school, Dr. Farishian was a toxicologist at the U.S. Environmental Protection
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and former president of the American Board of Dental Public Health. His research interests are
in exposure to fluoride, its effects on oral health, and health promotion and disease prevention
strategies. Dr. Kumar received his dental degree from Bangalore University, M.P.H. from Johns
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University of North Carolina School of Public Health. Previously, he was with the Boston
University School of Public Health. Dr. Poole’s work currently focuses on the development and
utilization of epidemiologic methods and principles, including problem definition, study design,
data collection, statistical analysis, and interpretation and application of research results,

APPENDIX A

367

including systematic review and meta-analysis. His research experience includes studies in
environmental and occupational epidemiology and other substantive areas. Dr. Poole was an
epidemiologist in the Office of Pesticides and Toxic Substances of the U.S. Environmental
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Appendix B
Measures of Exposure to Fluoride in the
United States: Supplementary Information

U.S. DATA ON ARTIFICIAL AND NATURAL FLUORIDE IN DRINKING WATER
The recommended “optimal” fluoride concentrations for community public water supply
systems and school public water supply systems are shown in Table B-1. Both sets of
recommendations are based on the “annual average of maximum daily air temperatures” (CDC
1995, based on two studies in the 1950s). Table B-2 provides the approximate number of
persons receiving artificially fluoridated public water in 1992, by fluoride concentration. In
practice, most states seem to use a single fluoride concentration for the whole state. Figure B-1
shows the fluoride concentration by state with respect to annual average temperature for that
state over the period 1971-2000. Table B-3 presents the approximate number of persons
receiving naturally fluoridated public water in 1992, by fluoride concentration.
The number of persons served with public water supplies exceeding 4 milligrams (mg) of
fluoride per liter (L) is expected to be substantially lower now than in 1992. For example, South
Carolina, which had more than half of the persons in that category in 1992 (Table B-3), now has
only occasional violations of the maximum contaminant level (MCL) (e.g., two water systems
with 10 violations in calendar year 2003; SCDHEC 20041). On the other hand, a recent news
article indicates that some areas in Virginia are still served by water systems with fluoride
exceeding 4 mg/L (Hirschauer 2004).
Miller-Ihli et al. (2003) reported on fluoride concentrations in water samples collected in
1999 from 24 locations nationwide; these locations were expected to provide nationally
representative samples for the National Food and Nutrient Analysis Program.2 Not
unexpectedly, their findings indicate a bimodal distribution of fluoride concentrations in public
drinking water: either water was fluoridated at approximately 1 mg/L or it was not fluoridated,
with concentrations bordering on undetectable.

1

See also local drinking water information by state at http://www.epa.gov/safewater/dwinfo.htm.
Miller-Ihli et al. (2003) reported that 40% of the samples were fluoridated and suggested that, rather than using an
average fluoride concentration for the country, an individual should be assumed to have a 40% probability of
ingesting fluoridated water and a 60% probability of ingesting nonfluoridated water. However, CDC (2002a)
estimates that about two-thirds of the U.S. population served by public water supplies receives fluoridated water.
Thus, the sampling reported by Miller-Ihli et al. was probably not sufficiently representative on a populationweighted basis.
2
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WATER INGESTION AND FLUORIDE INTAKES
Tables B-4 to B-7 summarize recent estimates by the U.S. Environmental Protection
Agency (EPA) of the mean and selected percentiles of water ingestion by source (community
supplies, bottled water, “other” sources, and all sources combined) and subpopulation (EPA
2000a); Tables B-8 and B-9 give the corresponding estimates for consumption of community
water or all water as a function of body weight. The data in Tables B-4 through B-9 are for those
persons who actually consume water from the indicated source, rather than per capita estimates
for the entire population. Estimates include plain (noncarbonated) drinking water and indirect
water (water added to foods and beverages during preparation at home or by local food service
establishments). Water in processed foods (commercial water) or naturally contained in foods
(biological water) was not included.
EPA’s estimates are based on U.S. Department of Agriculture surveys taken in 1994,
1995, and 1996 of food ingestion data for two nonconsecutive days for a sample of more than
15,000 individuals in the 50 states and the District of Columbia selected to represent the entire
U.S. population based on 1990 census data (EPA 2000a). (An additional survey of children in
1998 was included in the estimates used in Chapter 2.) Because these estimates were developed
for the purpose of estimating people’s exposures to persons from substances in drinking water
and also are based on relatively recent data, they are appropriate for the present purpose of
estimating the range of current exposures to fluoride. These estimates are based on a 2-day
average, whereas for fluoride exposure, long-term averages of intake are usually more important.
However, given the size of the population sampled, the likelihood that the entire sample
represents days of unusually high or unusually low water intake is small. Thus, these values are
considered reasonable indicators both of typical water consumption and of the likely range of
water consumption from various sources on a long-term basis. However, they should not be
used by themselves to estimate the number of individuals or percentage of the population that
consumes a given amount of water on a long-term basis, especially not at the extremes of the
range. Water intakes at the low end are not of major importance for the present report, and water
intakes at the high end are considered separately (Chapter 2), with additional information beyond
what is provided by EPA.
It may be helpful to compare the water intakes (all sources, Table B-7) with values for
adequate intake3 (AI) of water recently published by the Institute of Medicine (IOM 2004; Table
B-10). The AI for total water (drinking water, other beverages, and moisture contained in food)
is set “to prevent deleterious, primarily acute, effects of dehydration, which include metabolic
and functional abnormalities” (IOM 2004). “Given the extreme variability in water needs which
are not solely based on differences in metabolism, but also in environmental conditions and
activity, there is not a single level of water intake that would ensure adequate hydration and
optimal health for half4 of all apparently healthy persons in all environmental conditions” (IOM
2004). The AI for total water is based on the median total water intake from U.S. survey data
(NHANES III, 1988-1994; described by IOM 2004). Daily consumption below the AI is not
3

“Adequate intake” is defined as “the recommended average daily intake level based on observed or experimentally
determined approximations or estimates of nutrient intake by a group (or groups) of apparently healthy people that
are assumed to be adequate—used when an RDA [recommended dietary allowance] cannot be determined” (IOM
2004).
4
The estimated average requirement (EAR) on which a recommended dietary allowance is based is defined as “the
average daily nutrient intake level estimated to meet the requirement of half the healthy individuals in a particular
life stage and gender group” (IOM 2004).
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necessarily a concern “because a wide range of intakes is compatible with normal hydration.
Higher intakes of total water will be required for those who are physically active or who are
exposed to [a] hot environment” (IOM 2004). For the intake values shown in Table B-10,
approximately 80% of the intake comes from drinking water and other beverages (including
caffeinated and alcoholic beverages).
Use of bottled water in the United States has at least doubled since 1990 (Grossman
2002), suggesting that more people use bottled water now than in 1994-1996 and/or that
individuals use more bottled water per person. However, total water consumption per person
from all sources combined probably has not changed substantially. Information for a few groups
in the tables (children < 1 year of age, pregnant and lactating women) is based on relatively small
sample sizes, and the confidence to be placed in specific percentile values is therefore lower.
Sample sizes for some other population subgroups of potential interest (e.g., Native Americans
with traditional lifestyles, people in hot climates, people with high physical activity, people with
certain medical conditions) were not large enough to evaluate intake by members of the
subgroup, although some people from those groups are included in the overall sample (EPA
2000a).
Tables B-11 to B-14 summarize fluoride intakes that would result from ingestion of
community water (for the mean, 90th, 95th, and 99th percentiles of consumption estimated by
EPA) at various levels of water fluoride (“optimal” fluoridation levels of 0.7, 1.0, or 1.2 mg/L,
and the present secondary MCL [SMCL] and MCL of 2 and 4 mg/L, respectively). The SMCL
and MCL are included for purposes of comparison; most people in the Unites States do not drink
water with those fluoride levels. An average consumer below the age of 6 months would have an
intake of 0.06-0.1 mg/kg/day from fluoridated water (0.7-1.2 mg/L), whereas an adult would
ingest approximately 0.01-0.02 mg/kg/day. Individuals at the upper levels of water intake from
EPA’s estimates (Table B-14) could have fluoride intakes in excess of 1 mg/day at the lowest
levels of fluoridation up to about 6 mg/day for some adults, depending on age and level of water
fluoridation. Persons in the high-water-intake groups described above could have even higher
intakes.
EXPOSURES FROM FLUORINATED ANESTHETICS
The sampled data in Table B-15 illustrate wide ranges of reported mean peak serum
fluoride concentrations from the use of fluorinated anesthetics under various surgical conditions
and for different age groups ranging from 22-day-old infants to people > 70 years old. These
data are collected from studies conducted in many countries, including Australia, France,
Finland, Germany, Ireland, Japan, the United Kingdom, and the United States. The minimum
alveolar concentration per hour (MAC-hr) ranged from short-term (e.g., for cesarean section as
reported by Abboud et al. 1989) to prolonged (e.g., >10 hours as reported by Murray et al. 1992
and Obata et al. 2000) surgery and up to 7 days of continuous exposure for critically ill patients
(e.g., as reported by Osborne et al. 1996). Test subjects included healthy males who underwent
3-9 hours of anesthesia (Munday et al. 1995), female smokers (Laisalmi et al. 2003), infants and
children (age as indicated in Table B-15), and patients with renal insufficiency (Conzen et al.
1995). In general, higher MAC-hr resulted in higher peak serum inorganic fluoride
concentration. None of the studies presented in Table B-15 shows clear evidence of renal
impairment as a result of the increased serum fluoride concentration, except transient reduction
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in renal function among the elderly (> 70 years) reported by Hase et al. (2000). Higher peak
serum concentration was reported for smokers (Cousins et al. 1976; Laisalmi et al. 2003) and is
associated with alcohol, obesity, and multiple drug use (Cousins et al. 1976). Because the
reference point for the potential nephrotoxicity in these studies was the peak serum fluoride
concentration, data are generally not available for an estimation of the total fluoride load or the
area under the curve from the use of these anesthetics.
REFERENCE INTAKES OF FLUORIDE
Table B-16 provides the median weight and range of fluoride intake (mg/day; safe and
adequate daily dietary intake5), by age group, from the National Research Council (NRC 1989b).
Table B-17 provides the reference weight and range of fluoride intake (mg/day; dietary reference
intake), by age group, from the Institute of Medicine (IOM 1997) and the American Dental
Association (ADA 2005). In both tables, the intakes in terms of mg/kg/day were calculated from
the cited information as indicated.
TABLE B-1 Recommended Optimal Fluoride Concentrations for Public Water Supply Systems
Annual Average of Maximum Daily Air Temperaturesa
°F
°C
50.0-53.7
10.0-12.0
53.8-58.3
12.1-14.6
58.4-63.8
14.7-17.7
63.9-70.6
17.8-21.4
70.7-79.2
21.5-26.2
79.3-90.5
26.3-32.5
a

Recommended Fluoride Concentrations, mg/L
Community Water
Systems
School Water Systemsb
1.2
5.4
1.1
5.0
1.0
4.5
0.9
4.1
0.8
3.6
0.7
3.2

Based on temperature data obtained for a minimum of 5 years.
Based on 4.5 times the optimal fluoride level for communities. School water fluoridation is recommended only
when the school has its own source of water and is not connected to a community water system. Several other
criteria are also considered; for example, if >25% of the children attending the school already receive optimally
fluoridated water at home, the school’s water should not be fluoridated.
Source: CDC 1995.
b

5

The term “safe and adequate daily dietary intake” was used by the NRC (1989) “when data were sufficient to
estimate a range of requirements, but insufficient for developing [a Recommended Dietary Allowance].” This
category was to be accompanied by “the caution that upper levels in the safe and adequate range should not be
habitually exceeded because the toxic level for many trace elements may be only several times usual intakes.” Use
of this term should not be taken to imply that the present committee considers these intakes to be safe or adequate.
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TABLE B-2 Population Sizes by Level of Artificial Fluoridation in 1992
Fluoride,
mg/L
0.7
0.7-0.9
0.7-1.0

Number of
Statesa
1
1
1

Population
149,290
8,014,583
1,282,425

Percentage
0.11
5.88
0.94

0.8
0.8-1.0
0.9
0.9-1.2

4
1
2
1

12,886,396
432,700
7,177,525
1,921,525

9.46
0.32
5.27
1.41

1.0
1.0-1.1
1.0-1.2
1.1

29
2
2
1

93,060,026
1,931,337
214,865
233,447

68.30
1.42
0.16
0.17

1.2
No dataf
Total

5
2
52

5,026,243
3.69
3,911,884
2.87
136,242,246 100

a

States
Hawaii
Texas
Arizona
Florida, Louisiana, Oklahoma, South
Carolina
Delaware
Kentucky,b Virginiac
Colorado
Alabama, California, Connecticut,
District of Columbia, Georgia, Idaho,
Illinois, Indiana,c Kansas, Maryland,
Massachusetts, Michigan, Mississippi,
Missouri, Nebraska, Nevada, New Jersey,
New Mexico, New York, North
Carolina,c Ohio, Oregon, Pennsylvania,
Rhode Island, Tennessee, Utah,
Washington, West Virginia,c Wisconsin
Iowa, Wyoming
Montana, New Hampshire
Vermontd
Alaska, Maine, Minnesota,e North
Dakota, South Dakota
Arkansas, Puerto Rico

Includes the 50 states, the District of Columbia, and Puerto Rico.
A few small water supplies have artificial fluoride concentrations of 4.0 mg/L.
c
A few small water supplies have artificial fluoride concentrations of 4.5 mg/L.
d
A few small water supplies have artificial fluoride concentrations of 4.9 mg/L.
e
A few small water supplies have artificial fluoride concentrations of 5.4 mg/L.
f
Data for Arkansas were not provided (the table for Arkansas contained a duplication of the Alaska data). The water
fluoridation data were not provided for Puerto Rico.
Source: CDC 1993.
b
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Level of artifical fluoridation (mg/L)

1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
30

40
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60

70

80

90

Temperature (°F)
FIGURE B-1 Level of artificial fluoridation in 1992 by state (Table B-2; CDC 1993) versus
area-weighted annual average temperature (°F) for that state over the period 1971-2000 (NCDC
2002a). Temperature for the District of Columbia is for Climate District 4 of the state of
Maryland (NCDC 2002b). States with a range of artificial fluoride levels (Arizona, Colorado,
Delaware, Iowa, Montana, New Hampshire, Texas, and Wyoming) are included at each relevant
fluoride level. Arkansas and Puerto Rico are not included because of the lack of information on
fluoride levels. Thin line indicates the “recommended optimal fluoride levels” for the given
range of “annual average of maximum daily air temperatures” (emphasis added; Table B-1; CDC
1995).
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TABLE B-3 Population Sizes by Level of Natural Fluoridation in 1992
Statea
Alabama
Arizona
Arkansas
California
Colorado
Connecticut
Delaware
Florida
Georgia
Hawaii
Idaho
Illinois
Indiana
Iowa
Kansas
Kentucky
Louisiana
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri
Montana
Nebraska
Nevada
New Hampshire
New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
South Carolina
South Dakota
Texas
Utah
Virginia
Washington
West Virginia

Reported
Range, mg/L
0.7-3.6
0.7-7.4
NAd
0.7-3.5
0.1-11.2
0.7-1.9
0.6-0.9
0.5-3.6
0.7-2.0
0.7
0.6-15.9
0.7-4.0
0.7-4.4
0.7-7.0
0.5-2.6
NAe
0.7-3.8
0.3-5.1
1.0-1.1
0.7-1.9
0.7-3.2
0.8-3.5
0.7-5.0
0.1-7.3
0.3-1.4
0.5-2.6
1.0-3.9
0.7-2.5
0.7-13
NAe
0.0-2.7
0.5-7.0
0.8-2.8
0.7-12.0
0.7-2.4
0.1-5.9
0.7-6.0
0.7-8.8
0.7-2.0
0.7-6.3
0.7-2.7
1.2

Reported Level of Natural Fluoride, mg/L
≤ 1.2
1.3-1.9
2.0-3.9
≥ 4.0
27,368
25,195
6,827
0
242,309
63,132
39,259
516
—
—
—
—
389,715
24,583
500
0
363,905
75,755
361,969
1,926
870
160
0
0
7,171
0
0
0
890,443
37,435
1,227
0
16,039
878
1,200
0
354
0
0
0
293,127
8,275
2,650
500
291,600
91,237
56,481
500
177,890
36,254
5,541
5,790
186,936
90,182
28,484
1,445
81,884
14,958
22,846
0
0
0
0
0
302,520
44,787
12,599
0
36,583
11,705
100
225
122
0
0
0
114,605
9,968
0
0
2,386
908
367
0
93,120
9,965
1,560
0
74,412
58,168
16,906
180
85,452
3,923
7,171
1,814
31,246
4,352
0
0
16,440
3,628
5,187
0
12,612
3,749
11,190
0
32,344
56,450
24,651
0
178,754
45,619
58,556
4,295
0
0
0
0
0
7,200
325
0
5,205
6,002
6,024
3,793
131,963
104,558
13,450
0
62,353
20,803
8,966
18,895
39,865
2,320
680
0
62,924
27,968
190,430
105,618
10,097
14,053
41,038
692
2,234,504 426,341
233,326
36,863
8,240
2,560
0
0
8,418
11,423
207,924
18,726
54,460
3,117
4,916
0
659
0
0
0

Reported
c
Not givenb Total
—
54,283
—
345,266
—
17,239
—
414,798
—
801,224
—
1,030
—
7,171
—
929,105
7,475
25,592
—
354
—
304,552
6,658
446,050
31,928
264,233
—
302,652
41,558
161,515
1,899
1,899
—
357,210
—
48,613
—
122
—
124,623
—
4,000
—
104,645
—
143,603
492
82,985
—
35,598
—
25,255
—
27,551
—
113,445
261
287,485
1,536
1,216
183,076
190,601
—
20,421
1,010
249,755
—
111,017
—
42,865
—
378,995
—
37,758
25,200
2,955,395
—
10,800
408
246,694
—
62,493
—
659
(Continued)
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TABLE B-3 Continued
Statea
Wisconsin
Wyoming
Totals

Reported
Range, mg/L
0.7-2.7
0.7-4.5

a

Reported Level of Natural Fluoride, mg/L
≤ 1.2
1.3-1.9
2.0-3.9
≥ 4.0
90,713
36,570
50,140
0
14,694
21,984
2,144
120
6,674,302 1,406,165 1,424,634 201,898

Not givenb
—
—
301,501

Reported
Totalc
174,850
38,942
9,954,559

Alaska, the District of Columbia, Maine, Pennsylvania, Rhode Island, Tennessee, and Vermont reported no water
systems with natural fluoridation.
b
Reported as 0.0 or some other number suspected to be a misprint.
c
Total given in the summary table for each state. Because of apparent internal inconsistencies, the numbers in the
preceding columns do not necessarily give the same total.
d
Data for Arkansas were not provided (the table for Arkansas contained a duplication of the Alaska data).
e
Reported as 0.0 for all systems with natural fluoride.
Source: CDC 1993.

TABLE B-4 Estimated Average Daily Water Ingestion (mL/day) from Community Sources
During 1994-1996, by People Who Consume Water from Community Sources
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years
Males (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Females (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Lactating
women
Pregnant women
Women aged 1544 years
Source: EPA 2000a.

Mean
1,000
529
502
351
454
485
641
817
1,033
1,171
1,242
1,242
1,052
462
444
828
1,242
951
560
426
638
1,116

50th
90th
95th
99th
Percentile Percentile Percentile Percentile
785
2,069
2,600
4,273
543
943
1,064
1,366
465
950
1,122
1,529
267
719
952
1,387
363
940
1,213
1,985
377
995
1,241
1,999
473
1,415
1,742
2,564
603
1,669
2,159
3,863
711
2,175
3,082
5,356
965
2,326
2,926
4,735
1,111
2,297
2,721
4,222
1,149
2,190
2,604
3,668
814
2,164
2,733
4,616
441
881
1,121
1,281
355
934
1,155
1,731
595
1,673
2,058
3,984
1,038
2,387
3,016
4,939
747
2,005
2,482
3,863
542
967
1,122
1,584
329
940
1,109
2,014
457
1,382
1,774
2,598
943
2,165
2,711
4,268

Sample
Size
14,012
111
135
1,625
1,110
884
759
777
644
4,599
1,410
1,958
7,082
118
1,812
768
4,384
6,930
128
1,807
768
4,227

Population
242,641,675
1,062,136
1,449,698
10,934,001
11,586,632
14,347,058
14,437,898
16,735,467
17,658,027
106,779,569
19,484,112
28,167,077
118,665,763
1,191,526
18,847,070
15,923,625
82,703,542
123,975,912
1,320,308
18,020,621
15,249,740
89,385,243

1,665
872

1,646
553

2,959
1,844

3,588
2,588

4,098
3,448

34
65

971,057
1,645,565

984

756

2,044

2,722

4,397

2,176

55,251,477
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TABLE B-5 Estimated Average Daily Water Ingestion (mL/day) from Bottled Water During
1994-1996, by People Who Consume Bottled Water
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years
Males (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Females (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Lactating women
Pregnant women
Women aged 1544 years
Source: EPA 2000a.

Mean
737
411
437
302
390
416
538
665
786
822
860
910
749
414
365
682
845
727
436
375
544
819
749
891

50th
Percentile
532
349
361
232
315
323
361
468
532
621
685
785
523
317
266
464
592
532
428
289
357
690
608
683

90th
Percentile
1,568
896
802
649
794
828
1,099
1,503
1,640
1,773
1,833
1,766
1,626
805
767
1,423
1,774
1,542
895
765
1,116
1,747
1,144
1,910

95th
Percentile
1,967
951
808
819
922
985
1,420
1,777
2,343
1,981
2,306
2,074
2,097
1,012
847
1,822
2,303
1,893
896
993
1,537
1,975
1,223
1,957

99th
Percentile
3,316
1,193
1,578
1,175
1,319
1,767
2,192
3,149
3,126
3,786
2,839
2,548
3,781
1,397
1,685
2,802
3,855
3,031
1,301
1,347
3,143
3,060
1,286
2,198

Sample
Size
3,078
51
37
368
213
164
148
163
179
1,174
279
302
1,505
48
376
144
937
1,573
40
369
167
997
7
27

Population
57,316,806
538,267
456,103
2,532,201
2,336,873
2,808,756
2,896,893
3,528,434
5,089,216
28,487,354
3,987,578
4,655,131
26,298,392
575,019
3,755,220
2,969,950
18,998,203
31,018,414
419,351
3,922,610
3,455,377
23,221,076
278,308
698,645

766

592

1,598

1,922

3,093

611

16,279,438
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TABLE B-6 Estimated Average Daily Water Ingestion (mL/day) from Other Sources (e.g.,
Wells and Cisterns) During 1994-1996, by People Who Consume Water from Those Sources
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years
Males (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Females (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Lactating women
Pregnant women
Women aged 1544 years
Source: EPA 2000a.

Mean
965
306
265
347
390
485
733
587
640
1,124
1,276
1,259
1,031
243
426
702
1,212
894
344
416
624
1,046
1,248
1,066

50th
Percentile
739
188
172
291
285
399
553
395
472
917
1,110
1,188
785
148
320
564
1,001
710
256
352
406
941
915
660

90th
Percentile
1,971
637
552
710
778
992
1,561
1,221
1,305
2,175
2,365
2,136
2,107
554
884
1,366
2,286
1,826
537
865
1,394
1,925
2,148
1,676

95th
Percentile
2,475
754
560
761
1,057
1,093
1,884
1,721
1,648
2,834
2,916
2,470
2,821
567
1,077
1,753
3,017
2,225
579
1,039
1,873
2,371
2,410
1,807

99th
Percentile
3,820
878
567
1,190
1,332
1,623
3,086
2,409
1,937
4,728
5,152
3,707
4,734
773
1,630
2,787
4,883
3,035
759
1,165
2,489
3,123
2,620
3,374

Sample
Size
2,129
15
14
206
137
134
121
109
67
731
272
323
1,155
16
259
103
777
974
13
218
127
616
7
7

Population
34,693,744
117,444
198,639
1,243,498
1,382,002
2,121,832
2,243,452
2,372,842
1,809,825
15,480,754
3,504,576
4,218,880
17,880,530
198,829
2,566,652
2,011,715
13,103,334
16,813,214
117,254
2,180,680
2,604,579
11,910,701
182,414
168,433

904

666

1,863

2,319

3,056

283

6,759,992
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TABLE B-7 Estimated Average Daily Water Ingestion (mL/day) from All Sources During
1994-1996 by Consumers of Water
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years
Males (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Females (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Lactating
women
Pregnant women
Women aged 1544 years

Mean
1,241
544
580
422
548
608
815
1,006
1,283
1,486
1,532
1,453
1,300
549
536
1,001
1,549
1,185
577
528
830
1,389

50th
90th
95th
99th
Percentile Percentile Percentile Percentile
1,045
2,345
2,922
4,808
545
947
1,078
1,365
563
1,130
1,273
1,672
351
807
993
1,393
468
1,019
1,268
2,031
514
1,131
1,425
2,172
651
1,625
1,962
3,033
776
1,897
2,414
4,027
1,013
2,508
3,632
5,801
1,273
2,638
3,337
5,259
1,378
2,557
2,999
4,395
1,345
2,324
2,708
3,750
1,070
2,483
3,149
5,212
538
1,121
1,278
1,567
451
1,024
1,254
1,817
761
1,898
2,434
4,011
1,331
2,740
3,524
5,526
1,021
2,221
2,703
4,252
559
950
1,131
1,654
445
993
1,226
2,035
664
1,652
1,955
3,083
1,221
2,416
2,928
4,512

Sample
Size
15,172
156
154
1,814
1,193
937
812
814
678
4,906
1,541
2,167
7,689
151
1,993
809
4,736
7,483
159
1,951
817
4,556

Population
259,972,235
1,507,727
1,732,993
12,143,483
12,438,322
15,248,676
15,504,627
17,697,092
18,544,787
113,011,204
21,145,387
30,997,937
126,998,276
1,560,310
20,495,833
16,887,932
88,054,201
132,973,959
1,680,410
19,334,648
16,313,787
95,645,114

1,806
1,318

1,498
1,228

3,021
2,339

3,767
2,674

4,024
3,557

41
70

1,171,868
1,751,888

1,265

1,065

2,366

2,952

4,821

2,314

58,549,659

Source: EPA 2000a.
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TABLE B-8 Estimated Average Daily Water Ingestion (mL/kg of Body Weight per Day) from
Community Sources during 1994-1996, by People Who Consume Water from Community
Sources
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years
Males (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Females (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Lactating
women
Pregnant women
Women aged 1544 years

Mean
17
88
56
26
23
16
13
12
15
16
17
18
16
66
21
14
15
17
72
21
12
17

50th
90th
95th
99th
Percentile Percentile Percentile Percentile
13
33
44
79
85
169
204
240
52
116
127
170
20
53
68
112
18
45
65
95
12
33
39
60
10
27
36
54
9
26
32
62
11
31
39
80
13
32
40
65
14
32
38
58
16
32
37
53
13
32
43
81
60
139
175
235
16
43
55
87
10
27
38
67
13
30
38
62
14
35
45
77
69
139
169
203
17
45
61
98
9
26
32
48
14
33
41
63

Sample
Size
13,593
106
128
1,548
1,025
820
736
771
637
4,512
1,383
1,927
6,935
115
1,705
755
4,360
6,658
119
1,688
752
4,099

Population
236,742,834
1,034,566
1,405,128
10,417,368
10,751,616
13,427,986
14,102,256
16,646,551
17,426,127
104,816,948
19,011,778
27,702,510
117,076,195
1,180,289
17,865,064
15,717,364
82,313,478
119,666,639
1,259,405
16,731,906
15,031,443
86,643,885

26
14

20
9

54
33

55
43

57
47

33
65

940,375
1,645,565

15

12

32

39

66

2,126

54,000,618

Source: EPA 2000a.
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TABLE B-9 Estimated Average Daily Water Ingestion (mL/kg of Body Weight per Day) from
All Sources During 1994-1996 by Consumers of Water
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years
Males (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Females (all)
<1 year
1-10 years
11-19 years
≥ 20 years
Lactating
women
Pregnant women
Women aged 1544 years

Mean
21
92
65
31
27
20
16
15
18
20
20
21
20
77
25
16
19
22
79
26
15
21

50th
90th
95th
99th
Percentile Percentile Percentile Percentile
17
38
50
87
87
169
196
239
58
120
164
185
26
60
74
118
23
51
68
97
17
36
44
70
14
33
40
60
12
29
38
66
14
34
44
86
17
37
46
69
18
35
42
59
19
34
39
54
16
38
49
86
66
164
173
233
20
48
62
91
13
32
42
69
16
34
43
67
18
39
50
88
72
158
170
200
21
50
66
104
13
29
36
56
18
37
45
69

Sample
Size
14,726
149
147
1,732
1,103
873
786
806
668
4,813
1,513
2,136
7,532
147
1,882
794
4,709
7,194
149
1,826
798
4,421

Population
253,667,688
1,465,837
1,688,423
11,603,245
11,556,872
14,329,604
15,116,291
17,564,502
18,224,524
110,938,819
20,646,201
30,533,370
125,266,552
1,538,210
19,480,513
16,642,651
87,605,178
128,401,136
1,616,050
18,009,208
16,038,142
92,737,736

28
21

25
19

53
39

57
44

70
61

40
69

1,141,186
1,729,947

20

16

36

46

77

2,258

57,164,907

Source: EPA 2000a.
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TABLE B-10 Adequate Intake Values (L/day) for Total Water
Group
0-6 months
7-12 months
1-3 years
4-8 years
9-13 years
14-18 years
> 19 years
Pregnancya
Lactationa
a

Males
From
foods
0
0.2
0.4
0.5
0.6
0.7
0.7
—
—

From
beverages
0.7
0.6
0.9
1.2
1.8
2.6
3.0
—
—

Total water
0.7
0.8
1.3
1.7
2.4
3.3
3.7
—
—

Females
From
foods
0
0.2
0.4
0.5
0.5
0.5
0.5
0.7
0.7

From
beverages
0.7
0.6
0.9
1.2
1.6
1.8
2.2
2.3
3.1

Total water
0.7
0.8
1.3
1.7
2.1
2.3
2.7
3.0
3.8

Women aged 14-50 years.
Source: IOM 2004.

TABLE B-11 Estimated Intake of Fluoride from Community Water for Average Consumers*
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

Water Intake,
mL/day
1,000
529
502
351
454
485
641
817
1,033
1,171
1,242
1,242
Water Intake,
mL/kg/day
17
88
56
26
23
16
13
12
15
16
17
18

Fluoride Level
0.7 mg/L 1 mg/L
Intake, mg/day
0.70
1.00
0.37
0.53
0.35
0.50
0.25
0.35
0.32
0.45
0.34
0.49
0.45
0.64
0.57
0.82
0.72
1.03
0.82
1.17
0.87
1.24
0.87
1.24

1.2 mg/L

2 mg/L

4 mg/L

1.20
0.63
0.60
0.42
0.54
0.58
0.77
0.98
1.24
1.41
1.49
1.49

2.00
1.06
1.00
0.70
0.91
0.97
1.28
1.63
2.07
2.34
2.48
2.48

4.00
2.12
2.01
1.40
1.82
1.94
2.56
3.27
4.13
4.68
4.97
4.97

0.034
0.176
0.112
0.052
0.046
0.032
0.026
0.024
0.030
0.032
0.034
0.036

0.068
0.352
0.224
0.104
0.092
0.064
0.052
0.048
0.060
0.064
0.068
0.072

Intake, mg per kg body weight/day
0.012
0.017
0.020
0.062
0.088
0.106
0.039
0.056
0.067
0.018
0.026
0.031
0.016
0.023
0.028
0.011
0.016
0.019
0.009
0.013
0.016
0.008
0.012
0.014
0.011
0.015
0.018
0.011
0.016
0.019
0.012
0.017
0.020
0.013
0.018
0.022

* Based on water consumption rates estimated by EPA (2000a).
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TABLE B-12 Estimated Intake of Fluoride from Community Water for 90th Percentile
Consumers*
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

Water Intake,
mL/day
2,069
943
950
719
940
995
1,415
1,669
2,175
2,326
2,297
2,190
Water Intake,
mL/kg/day
33
169
116
53
45
33
27
26
31
32
32
32

Fluoride Level.
0.7 mg/L 1 mg/L
Intake, mg/day
1.45
2.07
0.66
0.94
0.67
0.95
0.50
0.72
0.66
0.94
0.70
1.00
0.99
1.42
1.17
1.67
1.52
2.18
1.63
2.33
1.61
2.30
1.53
2.19

1.2 mg/L

2 mg/L

4 mg/L

2.48
1.13
1.14
0.86
1.13
1.19
1.70
2.00
2.61
2.79
2.76
2.63

4.14
1.89
1.90
1.44
1.88
1.99
2.83
3.34
4.35
4.65
4.59
4.38

8.28
3.77
3.80
2.88
3.76
3.98
5.66
6.68
8.70
9.30
9.19
8.76

0.066
0.338
0.232
0.106
0.090
0.066
0.054
0.052
0.062
0.064
0.064
0.064

0.132
0.676
0.464
0.212
0.180
0.132
0.108
0.104
0.124
0.128
0.128
0.128

Intake, mg per kg body weight/day
0.023
0.033
0.040
0.118
0.169
0.203
0.081
0.116
0.139
0.037
0.053
0.064
0.032
0.045
0.054
0.023
0.033
0.040
0.019
0.027
0.032
0.018
0.026
0.031
0.022
0.031
0.037
0.022
0.032
0.038
0.022
0.032
0.038
0.022
0.032
0.038

*Based on water consumption rates estimated by EPA (2000a).
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TABLE B-13 Estimated Intake of Fluoride from Community Water for 95th Percentile
Consumers*
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

Water Intake,
mL/day
2,600
1,064
1,122
952
1,213
1,241
1,742
2,159
3,082
2,926
2,721
2,604
Water Intake,
mL/kg/day
44
204
127
68
65
39
36
32
39
40
38
37

Fluoride Level
0.7 mg/L 1 mg/L
Intake, mg/day
1.82
2.60
0.74
1.06
0.79
1.12
0.67
0.95
0.85
1.21
0.87
1.24
1.22
1.74
1.51
2.16
2.16
3.08
2.05
2.93
1.90
2.72
1.82
2.60

1.2 mg/L

2 mg/L

4 mg/L

3.12
1.28
1.35
1.14
1.46
1.49
2.09
2.59
3.70
3.51
3.27
3.12

5.20
2.13
2.24
1.90
2.43
2.48
3.48
4.32
6.16
5.85
5.44
5.21

10.40
4.26
4.49
3.81
4.85
4.96
6.97
8.64
12.33
11.70
10.88
10.42

0.088
0.408
0.254
0.136
0.130
0.078
0.072
0.064
0.078
0.080
0.076
0.074

0.176
0.816
0.508
0.272
0.260
0.156
0.144
0.128
0.156
0.160
0.152
0.148

Intake, mg per kg body weight/day
0.031
0.044
0.053
0.143
0.204
0.245
0.089
0.127
0.152
0.048
0.068
0.082
0.046
0.065
0.078
0.027
0.039
0.047
0.025
0.036
0.043
0.022
0.032
0.038
0.027
0.039
0.047
0.028
0.040
0.048
0.027
0.038
0.046
0.026
0.037
0.044

*Based on water consumption rates estimated by EPA (2000a).
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TABLE B-14 Estimated Intake of Fluoride from Community Water for 99th Percentile
Consumers*
Population
All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

All consumers
<0.5 year
0.5-0.9 year
1-3 years
4-6 years
7-10 years
11-14 years
15-19 years
20-24 years
25-54 years
55-64 years
≥ 65 years

Water Intake,
mL/day
4,273
1,366
1,529
1,387
1,985
1,999
2,564
3,863
5,356
4,735
4,222
3,668
Water Intake,
mL/kg/day
79
240
170
112
95
60
54
62
80
65
58
53

Fluoride Level.
0.7 mg/L 1 mg/L
Intake, mg/day
2.99
4.27
0.96
1.37
1.07
1.53
0.97
1.39
1.39
1.99
1.40
2.00
1.79
2.56
2.70
3.86
3.75
5.36
3.31
4.74
2.96
4.22
2.57
3.67

1.2 mg/L

2 mg/L

4 mg/L

5.13
1.64
1.83
1.66
2.38
2.40
3.08
4.64
6.43
5.68
5.07
4.40

8.55
2.73
3.06
2.77
3.97
4.00
5.13
7.73
10.71
9.47
8.44
7.34

17.09
5.46
6.12
5.55
7.94
8.00
10.26
15.45
21.42
18.94
16.89
14.67

0.158
0.480
0.340
0.224
0.190
0.120
0.108
0.124
0.160
0.130
0.116
0.106

0.316
0.960
0.680
0.448
0.380
0.240
0.216
0.248
0.320
0.260
0.232
0.212

Intake, mg per kg body weight/day
0.055
0.079
0.095
0.168
0.240
0.288
0.119
0.170
0.204
0.078
0.112
0.134
0.067
0.095
0.114
0.042
0.060
0.072
0.038
0.054
0.065
0.043
0.062
0.074
0.056
0.080
0.096
0.046
0.065
0.078
0.041
0.058
0.070
0.037
0.053
0.064

*Based on water consumption rates estimated by EPA (2000a).
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TABLE B-15 Serum Inorganic Fluoride Concentration from Fluorinated Anesthetic Agents
Age (range)
Isoflurane
51 years
NA
>70 years
55.5 years
57 years
28 years
28 yearsb
27.7 yearsb
48.5 years
53.7 years
26-54 years
20-75 years
Enflurane
22 days to 11 years
22 day
29 day
3 months
4 months
9 months
1-9 years
47-60 years
63.9 years
48 years(27-58 years)
44 years (35-39 years)d
59.3 years
47.8 years
40.2 years
18-35 years
18-35 years
Halothane
41.5 years
6.2 years (1-12 years)
42-57 years
50 years
28.9 years
9.2 years (5-12 years)
20-75 years

No. of
Subjects

MAChoura

Mean Serum Inorganic
Fluoride, µM
Baseline
Peak

References

13
90
6
26
24
11
20
20
20
7
5
9

NA
NA
3.7
NA
1.1
9.2
0.06
0.14
15.9
4.8
NAc
19.2

NA
NA
NA
about 2.5
3.8
<2
5.6
5.9
NA
NA
2.1-2.4
3.5-3.8

No change
3
4
5
5.4
5.5
5.6
5.6
7.4
8
8.4-27.9
43.2

Hara et al. 1998
Groudine et al. 1999
Hase et al. 2000
Goldberg et al. 1996
Newman et al. 1994
Higuchi et al. 1995
Abboud et al. 1989
Abboud et al. 1989
Obata et al. 2000
Matsumura et al. 1994
Osborne et al. 1996
Murray et al. 1992

40

0.3-0.7
0.7-1.5
1.5-3.3
0.6
1.5
1.6
1.6
2.0
NA
4-6.8
1.07
1
1
2.8
1.24
2.7
6

NA
NA
NA
NA
NA
NA
NA
NA
1.7
about 2-3
NA
NA
NA
1.2
2-2.5
1.8
NA

2-8
4-10
6-10
3
7
11
11
7
10.5
7
13.3
13.8
18.7
16.75
18
22.2
28.1
27.5

Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Oikkonen and Meretoja 1989
Hinkle 1989
Sakai and Takaori 1978
Conzen et al. 1995
Laisalmi et al. 2003
Laisalmi et al. 2003
Blanco et al. 1995
Cousins et al. 1987
Cousins et al. 1976
Munday et al. 1995
Munday et al. 1995

1.9
NA
2-3
2-2.5
5.9
NA
3.8

1.6
1.8
3
4
5.6
6
12.6

Cousins et al. 1976
Sarner et al. 1995
Sakai and Takaori 1978
Cousins et al. 1987
Abboud et al. 1989
Taivainen et al. 1994
Murray et al. 1992
(Continued)

1
1
1
1
1
8
5
20
16
17
40
8
10
5
5
10
40
5
8
20
25
10

4.9
2.6
2.9-4.9
2.5
0.07
2.2
19.5
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TABLE B-15 Continued
Age (range)
Sevoflurane
12 months (7.7-25
months)
6.2 years (1-12 years)
> 70 years
8.8 years
50 years
67.4 years
60.5 years
52.7 years
18-35 years

No. of
Subjects

MAChour

Mean Serum Inorganic
Fluoride, µM
Baseline
Peak

References

41

4.7

NA

13.8

Lejus et al. 2002

2.6
5.1
2.2
0.8
1.01
2.9
NA
3
6
9
9.9
3.7
2.9
10.6
18.0 high
flow
16.7 low
flow
6.1
14.0

NA
NA
NA
3.8
NA
1.2
about 2.5
NA

Sarner et al. 1995
Hase et al. 2000
Taivainen et al. 1994
Newman et al. 1994
Conzen et al. 1995
Blanco et al. 1995
Goldberg et al. 1996
Munday et al., 1995

<2
NA
NA
NA
NA

14.7
18
21
23
25
27.7
28
30.5
31-34
36.6
36.8
about 31
40
41.9
47.1

NA

53.5

Obata et al. 2000

NA
<2

54
57.5

Matsumura et al. 1994
Higuchi et al. 1995

40
7
25
25
21
40
24
5
5
5
29 years
15
53 years
13
NA
98
26.6 years (19-49 years) 11
56.8 years
10
62.0 years

10

54.9 years
24 years

8
8

a

Higuchi et al. 1995
Hara at al. 1998
Groudine et a. 1999
Higuchi et al. 1994
Obata et al. 2000

MAC is the minimum alveolar concentration, or the mean end-tidal anesthetic concentration. When MAC-hr is not
reported, it is estimated as MAC-hr = (mean percent concentration) x (anesthesia time).
b
Cesarean section patients with induction to delivery time of 7.4-8.4 minutes.
c
Critically ill patients under anesthesia for 5-7 days at 0.6-1.2% isoflurane.
d
Smoking > 10 cigarettes a day.
Abbreviation: NA, not applicable.
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TABLE B-16 Summary of Estimated Safe and Adequate Daily Dietary Intakesa of Fluoride
Age, years
0-0.5
0.5-1
1-3
4-6
7-10
Males
11-14
15-18
19-24
25-50
51+
Females
11-14
15-18
19-24
25-50
51+
a

Weight, kgb
6
9
13
20
28

Range, mg/day
0.1
0.2
0.5
1.0
1.5

0.5
1.0
1.5
2.5
2.5

Range, mg/kg/dayc
0.017
0.083
0.022
0.11
0.038
0.12
0.050
0.13
0.054
0.089

45
66
72
79
77

1.5
1.5
1.5
1.5
1.5

2.5
2.5d
4.0e
4.0
4.0

0.033
0.023
0.021
0.019
0.019

0.056
0.038
0.056
0.051
0.052

46
55
58
63
65

1.5
1.5
1.5
1.5
1.5

2.5
2.5d
4.0e
4.0
4.0

0.033
0.027
0.026
0.024
0.023

0.054
0.045
0.069
0.063
0.062

The term “safe and adequate daily dietary intake” was used by the NRC (1989b) “when data were sufficient to
estimate a range of requirements, but insufficient for developing [a Recommended Dietary Allowance].” This
category was to be accompanied by “the caution that upper levels in the safe and adequate range should not be
habitually exceeded because the toxic level for many trace elements may be only several times usual intakes.” Use
of this term should not be taken to imply that the present committee considers these intakes to be safe or adequate.
b
Median for age group.
c
Calculated from range (mg/day) and weight (kg) given for age groups.
d
Upper limit for children and adolescents (upper age not specified).
e
Upper limit for adults.
Source: NRC 1989b.

TABLE B-17 Summary of Dietary Reference Intakes of Fluoride
Age, years
0-0.5
0.5-1
1-3
4-8
9-13
Boys 14-18
Girls 14-18
Males 19+
Females 19+
a

Reference
Weight, kg
7
9
13
22
40
64
57
76
61

Adequate Intake
mg/d
0.01
0.5
0.7
1
2
3
3
4
3

mg/kg/day
0.0014
0.056
0.054
0.045
0.050
0.047
0.053
0.053
0.049

a

Tolerable Upper Intake
mg/d
mg/kg/daya
0.7
0.10
0.9
0.10
1.3
0.10
2.2
0.10
10
0.25
10
0.16
10
0.18
10
0.13
10
0.16

Calculated from intake (mg/day) and weight (kg) given for age groups by IOM (1997) and ADA (2005).
Sources: IOM 1997; ADA 2005.

Appendix C
Ecologic and Partially Ecologic Studies in Epidemiology

Individual-level studies collect information on outcome, exposure, and covariates
(potential confounders and effect modifiers) for each individual. Ecologic studies collect
information about groups. Partially ecologic studies use a combination of individual-level and
group-level variables.
The goal of most ecologic studies is to make inferences about individuals based on
aggregated data. Unfortunately, severe bias can occur. (Bias in this context means systematic
errors in the results of the analysis; it does not impugn the integrity or intention of the
researchers). Ecologic bias has several sources (Greenland 1992; Greenland and Robins 1994;
Morgenstern 1998; Webster 2000):
• Nondifferential exposure misclassification within groups (which tends to bias results
away from the null)
• Confounding within and between groups
• Effect measure modification within and between groups
• Misspecification error when model is nonlinear
• Inadequate control of covariates
• Magnification of bias by aggregation due to confounding by group and effect measure
modification by group
• Failure to weight by population
• Failure to standardize both outcome and exposure in the same way.
Instead of simply dismissing all ecologic studies as unreliable, it is preferable to estimate
the direction and magnitude of potential biases. Quantifying bias in ecologic studies is quite
difficult in practice. Nevertheless, certain design features tend to reduce ecologic bias, including
the following:
1. Studies with outcome variables that can be modeled with weighted or ordinary leastsquares regression (e.g., bone fluoride levels) are generally preferable to those with binary
outcomes or rates, commonly modeled with logistic or log-linear regression. Nonlinear ecologic
models can induce bias due to misspecification.
2. Exposure variables that are continuous on the individual-level before aggregation are
generally preferable to those that are dichotomous (aggregation of dichotomous exposures
typically produces variables of the form “fraction exposed”). The latter can be subject to
nondifferential exposure misclassification within groups, tending to bias ecologic studies away
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from the null; they also tend to increase the amount of bias magnification. In contrast, using of
the average exposure within each group need not cause measurement error on the ecologic level,
a special case of the Berkson error model. Errors of this type produce unbiased results in
ordinary linear regression; in log-linear regression, bias also depends on variance of the errors.
3. Exposure should be as uniform as possible within groups but as different as possible
between groups.
4. Avoid, if possible, confounders with highly nonlinear relationships to outcome,
because these can be very difficult to control in ecologic studies.
The following two types of partially ecologic studies are often used in epidemiology.
1. Multilevel models typically supplement individual-level variables with contextual
variables. The latter are intrinsically group-level variables that have no real counterpart on the
individual-level, (e.g., herd immunity or income inequality).
2. Studies that measure outcome and covariates at the individual level, but exposure at
the group level, are commonly used in environmental and occupational epidemiology. This
design is sometimes called “semi-individual.” For example, fluoride concentrations might be
measured in the water system serving a community. Everyone in that group is assigned the same
exposure. Exposure is an aggregated variable, not an intrinsically group-level variable.
Feasibility is the typical reason for using this design; individual exposure measurements are
typically expensive and time-consuming, if they are possible at all.
The semi-individual kind of partially ecologic study can be thought of as individual-level
with exposure measurement error. Unfortunately, semi-individual studies are not necessarily
free of ecologic bias. Suppose the ecologic exposure variable is the fraction exposed in the
group (aggregated from dichotomous exposures at the individual level). Nondifferential
exposure misclassification within groups tends to produce bias away from the null as in ecologic
studies. Although bias magnification (see list above) can occur, the amount of bias tends to be
intermediate between a fully ecologic study and a fully individual study (at least in certain cases
that have been analyzed). Because covariate information is collected at the individual level, the
ability to control for confounding can be much better than with purely ecologic studies. For
more discussions of these issues, see Webster (2000, 2002) and Björk and Strömberg (2002).
In sum, semi-individual studies are generally more trustworthy than fully ecologic
studies. Studies using exposure variables based on continuous individual-level exposures are
preferable to those based on dichotomous individual-level exposures.

Appendix D
Comparative Pharmacokinetics of Rats and Humans

In healthy young and middle-aged adult humans, fasting plasma fluoride concentrations
(expressed as micromoles per liter [µmol/L]) are thought to be approximately equal to
concentrations in water (expressed as parts per million [ppm] or milligrams per liter [mg/L])
provided that water is the major source of chronic exposure (NRC 1993; Whitford 1996).
Dunipace et al. (1995) exposed weanling male Sprague-Dawley rats to fluoride in water plus a
low-fluoride diet for 18 months. Plasma fluoride concentrations increased up to 3 months and
remained fairly constant afterward. Plasma levels (µmol/L) were three to seven times less than
water concentrations (ppm or mg/L) at several different concentrations and time points. In
another chronic experiment with Sprague-Dawley rats, plasma/water fluoride ratios decreased
from 4.2 at 2 months to 1.5 at 18 months (Whitford and Birdsong-Whitford 2000; G. Whitford,
University of Georgia, personal communication, June 2, 2004). The reason for the difference
between the experiments is unclear. Dunipace et al. (1995) concluded that rats require about five
times greater water concentrations than humans to reach the same plasma concentration. That
factor appears uncertain, in part because the ratio can change with age or length of exposure. In
addition, this approach compares water concentrations, not dose. Plasma levels can also vary
considerably both between people and in the same person over time (Ekstrand 1978).
Comparing bone fluoride levels in a 16-week rat experiment with human data from
Zipkin et al. (1958), Turner et al. (1992) estimated that “humans incorporate fluoride ~18 times
more readily than rats when the rats are on a normal calcium diet.” The comparison was based
on water fluoride concentrations.
Several longer-term animal experiments are compared in Table D-1. The National
Toxicology Program (NTP) (Bucher et al. 1991) and Maurer et al. (1990) experiments are wellknown long-term fluoride carcinogenicity assays. Of the four studies, Maurer et al. (1990) added
fluoride to feed; the others added fluoride to water. Figure D-1 shows results for male rats for
the three studies that added fluoride to water. Fluoride bone concentrations for female rats were
somewhat higher in the NTP study and somewhat lower in the Maurer et al. study. Femur and
vertebra fluoride concentrations were similar in the Dunipace et al. (1995) study. Femur
diaphysis fluoride concentrations were similar to concentrations in other sites, except for femur
epiphysis, which was higher (Whitford and Birdsong-Whitford 2000; G. Whitford, University of
Georgia, personal communication, June 2, 2004). Figure D-1 also shows regression lines
through each set of rat data, as well as the crude and adjusted estimates for the human data
(Zipkin et al. 1958) discussed earlier. The adjusted line estimates bone concentrations in males
with 70 years of residence, but the slope is very similar to the crude model.
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TABLE D-1 Four Chronic Rat Experiments That Measured Fluoride in Bone
Strain
Sampling
Start time
Sex
Water
fluoride,
mg/L
Diet fluoride,
ppm
Bone samples
a

Dunipace et al. 1995
Sprague-Dawley
3, 6, 12, 18 months
Weanling
M
0, 5, 15, 50

NTPa
F344/N
103 weeks
Weanling
M, F
0, 11, 45, 79

Maurer et al. 1990
Sprague-Dawley
99 weeks
6 weeks
M, F
—

≤1.2

8

Various

Femur, vertebra

Humerus

Radius, ulna

Whitford and BirdsongWhitford 2000b
Sprague-Dawley
2, 6, 12, 18 months
6 weeks
1, 10, 100

Femur, radius, calvarium

The NTP results were published by Bucher et al. (1991).
b
Data are available only in abstract form; unpublished data provided by G. Whitford, University of Georgia,
personal communication, June 2, 2004

9000

Bone F (ppm ash)

8000
7000

NTP (103 wks)

6000

Whitford (18 mo)
Dunipace (18 mo)

5000

NTP regression

4000

Dunipace regression

3000

Zipkin adjusted

2000

Zipkin crude

1000
0
0.0

20.0

40.0

60.0
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FIGURE D-1 Comparison of bone concentrations in humans and rats on the basis of drinking
water concentration
Male rats: NTP (humerus), Whitford (femur diaphysis), Dunipace (femur).
Zipkin data: Regression results from crude and adjusted model, the latter assuming males and 70
years residency.
Regression results:
Dunipace: y = 625 + 147x (r2 = 0.97)
NTP: y = 443 + 63.1x (r2 = 0.99)
Human (crude): y = 517 + 1,549x
Human (adjusted to male, 70 years residence): y = 1,300 + 1,527x
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Assuming that linear models are realistic in this range and that rats at 18 to 24 months are
roughly physiologically comparable to humans at 70 years (Dunipace et al. 1995), the committee
compared the slopes for the human and rat studies. The estimates in the left column of Table D2 (bone versus water) were computed by dividing the slopes for the human data by the slopes
estimated for the Dunipace and NTP rat studies. (The committee also estimated two slopes for
the human data, crude and adjusted for length of residency and sex. The crude and adjusted
estimates are similar, barely changing the ratios in Table D-2.) These results suggest that rats
require water concentrations 10 to 20 times higher than humans to achieve comparable bone
fluoride concentrations.
TABLE D-2 Comparative Uptake of Fluoride Between Humans and Rats
Zipkin/NTP
Zipkin/Dunipace
Zipkin/Maurer
a

Bone Versus Water
24 to 25b
10 to 11b
NA

Bone Versus Dosea
42
20
40

Use of the crude and adjusted human models produces very similar results (difference of less than 1).
The lower value uses the adjusted human model (male, 70 years residency); the higher value uses the crude human
model.

b

Why are the Dunipace bone concentrations larger than the NTP results? As shown in
Table D-1, the NTP study was longer and had higher fluoride concentrations in feed, but both of
those factors should increase bone concentrations. The use of different rat strains could
contribute to the difference. Type of bone is unlikely to explain the difference. Even if water
concentrations are the same, doses might be different. The NTP study provided estimates of
average absorbed fluoride doses (assuming 100% from water, 60% from feed) of 0.2, 0.8, 2.5,
and 4.1 mg/kg/day for the four experimental groups. Using data provided by Dunipace et al.
(1995), the committee estimates average fluoride doses of 0.042, 0.34, 0.96, and 2.83 mg/kg/day
for the four experimental groups (divide fluoride intake, µg/day, by body weight for each water
concentration and each time interval: 3, 6, 12, and 18 months). At each water concentration, the
doses decrease over time. Compute the time-weighted average dose. That does not account for
absorption, but feed intake is a small fraction of the total, especially for higher doses. Figure D-2
plots the average doses versus bone fluoride for both studies. Use of average dose reduces the
difference in slopes between the Dunipace and NTP studies but not very much. Dunipace et al.
found that bone fluoride concentrations increased very rapidly in the first 3 months, followed by
a slow increase. As a result, average dose might not be the best metric. On the basis of water
consumption rates, exposures appear similar at 3 months (C. Turner, Indiana University, personal
communication). Calcium concentrations in feed were higher in the NTP study (0.6 ppm) than
in the Dunipace study (0.5 ppm), reducing fluoride absorption (C. Turner, Indiana University,
personal communication). The slope estimated for the Maurer data lies between the other two,
but the results of this experiment appear to be nonlinear.
To estimate dose for the Zipkin data, the committee assumed the same water
consumption (2 L/day) and body weight (70 kg) for every subject, based on standard the U.S.
Environmental Protection Agency figures. This assumption multiplies the slope calculated
earlier by a constant, 70/2.
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The right-hand column of Table D-2 compares human and rat fluoride uptake on an
average dose basis. The ratio of the slopes has increased to 20 to 40. The ratios would be higher
if a smaller water consumption rate for humans had been assumed. The very high bone
concentration predicted by Rao et al. (1995) for women exposed to fluoride in drinking water at
4 mg/L for 70 years suggests an even higher ratio.
Because many assumptions were involved in estimating the values presented in Table D2, they should be used with caution. But values support a rat-to-human conversion factor for
bone fluoride uptake of at least an order of magnitude.

10000

Bone F (ppm ash)

9000

NTP

8000

Dunipace

7000

NTP regression

6000

Dunipace regression

5000

Zipkin crude

4000

Zipkin adjusted

3000

Maurer

2000

Maurer-est

1000
0
0

1

2

3

4

5

Estimated dose (mg/kg/day)

FIGURE D-2 Comparison of bone concentrations in humans and rats on the basis of estimated
dose.
To keep the results visible, the figure omits the high data point from Maurer et al. (11.3 mg of
fluoride/kg/day, 16,760 mg/kg ash).
Male rats: NTP (humerus), Dunipace (femur), Maurer (radius and ulna).
Zipkin data: Regression results from crude and adjusted model, the latter assuming males and 70
years residency.
Regression results:
Dunipace:
y = 415 + 2,664x (r2 = 0.98)
NTP:
y = 145 + 1,283x (r2 = 0.99)
Maurer:
y = 1,911+1,345x (r2 = 0.98)
Human (crude):
y = 517 + 1,549(70/2)x
Human (adjusted to male, 70 years residence): y = 1,300 + 1,527(70/2)x

Appendix E
Detailed Information on Endocrine Studies of Fluoride

The tables that follow contain detailed information on the endocrine studies discussed in
Chapter 8, including study design, exposure information, and reported effects. Exposure
conditions and duration and fluoride concentrations are provided as given in the published
articles. Many of the tables include estimates of exposure in units of mg/kg/day to aid in
comparing studies. When possible, these estimates were made from information (e.g., intake rate
of drinking water, body weight) given in the articles. Where such information was not available
in a published article, the assumptions used to make the estimates are listed in footnotes to the
tables. Note that for most of the human studies, the exposure estimates (mg/kg/day) are for
typical or average values for the groups and do not reflect the full range of likely exposures.
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Gastric tube
0.2 or 2.2 µg/day
iodine in diet

Exposure Conditions
Drinking water

Rats (Wistar, males; Drinking water
initial weight 170-230 Dietary iodine, 0.45
g; 13 per group)
µg/g feed (0.45 ppm)

Species and Strain
Rats (Hebrew
University albino,
males; infants at start,
30-32 g)
See also Table E-16
Rats (females, 180230 g)

0, 0.1, or 1 mg/day
(0, 0.43-0.59, or 4.3-5.9
mg/kg/day)

750 µg/day in 1 mL water
(3.3-4.2 mg/kg/day)

Fluoride Concentration or
Dosea
0.55, 1, or 10 mg/L (0.055,
0.1, and 1 mg/kg/day)b
Exposure Duration Effects
9 months
No significant differences in basal metabolic
ratio, thyroid weight, radioiodine uptake, total
blood iodine, protein-bound iodine, or urinary
excretion.
TSH not measured.
2 months
No effect of fluoride on body weight, weight
of thyroid, total composition of iodinated
amino acids, or amount of iodide present in
the thyroid.
No effect of fluoride on iodine excretion in
the higher-iodine group.
Decreased protein-bound iodine, T3, and T4
(low-iodine group).
Decreased biogenesis of T3 and T4 following
administration of 131I (low- and high-iodine
groups).
TSH not measured.
60 days
Decreased plasma T3 and T4, decreased free
T4 index, increased T3-resin uptake (all
changes statistically significant except for the
decrease in T3 for the group receiving 0.1
mg/day)c
TSH not measured.

TABLE E-1 Effects of Fluoride on Thyroid Follicular Cell Function in Experimental Animals

Bobek et al.
1976

Stolc and
Podoba 1960

Reference
Gedalia et al.
1960
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Rats (Wistar)
See also Table E-16

Cows (Holstein;
various states of
lactation, 9-13 cows
from each of 9 herds)
See also Table E-3

Species and Strain

Drinking water and
diet

Exposure Conditions
Feed supplements

TABLE E-1 Continued

Water: 0, 1, 5, 10, 50, 100, or 54-58 days
200 mg/L
Diet: 0.31 or 34.5 ppm
(0, 0.1, 0.5, 1, 5, 10, or 20
mg/kg/day from water and
0.025 or 2.8 mg/kg/day from
feed)e

Fluoride Concentration or
Dosea
Exposure Duration
1-22 mg/kg F in feed
Chronic
(estimated)
(approximate doses, 0.03-0.7
mg/kg/day)d
Effects
Urinary fluoride ≥ 2.9 mg/L (range 1.04-15.7
mg/L, average 5.13 mg/L).
Decreased T3, T4, cholesterol and increased
eosinophils with increasing urinary fluoride
(adjusted for stage of lactation); serum
calcium correlated with T3 and T4.
Fluorosis herds (S1, C4, V3, B2) had lower
T4 than herds W, B, M, G (P < 0.05).
Feeding of iodinated casein to herd B2 for 3
weeks resulted in 100% increase in milk
production, increased hematopoiesis, reduced
eosinophils, increased serum calcium,
decreased serum phosphorus, and increase in
serum T4 from 3.4 to 14.1 µg/dL.
TSH not measured.
Bone fluoride: mean, 2,400 ppm in ash
(range, 850-6,935, 22 specimens from 8
herds).
Elevated T3 and T4 in rats on 1 mg/L in
drinking water and low-fluoride diet.
Low T3 and normal T4 in rats on 1, 5, or 10
mg/L in drinking water and high-fluoride diet.
Decreased TSH and GH in animals receiving
100 or 200 mg/L in drinking water.
Full details not available.

Hara 1980

Reference
Hillman et al.
1979
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Cows (Holstein,
females; age 5-6
months at start, 30
animals total)

Rats (Wistar, 3month-old, 200-400
g)

Species and Strain

Exposure Conditions
Drinking water
Animals were kept 21
days on a diet
containing 0.15% PTU
to deplete their thyroid
glands of iodine and
thyro-globulin. For
the next 2 days, a lowiodine diet (0.04 µg/g)
was fed, but no more
PTU. During the next
6 days the rats were
given sufficient iodine
(1.5 µg of iodide/mL
of drinking water,
labeled with 0.1 µCi of
125
I). Then fluoride
was given as indicated.
NaF added to feed
Iodine intake not
stated, presumably
adequate

TABLE E-1 Continued

Serum fluoride at age 88 weeks (mg/L): 0.06 Clay and Suttie
(controls), 0.20 (30 ppm in feed), and 0.28 (50 1987
ppm in feed).
Urinary fluoride at age 88 weeks (mg/L): 1
(controls), 13 (30 ppm in feed), and 20 (50
ppm in feed).
Bone fluoride at age 17 months (ppm in tail
vertebra, means of groups of 5 animals): 352
and 453 (controls), 2,306 and 2,712 (30 ppm
in feed), and 3,539 and 3,946 (50 ppm in
feed).
No significant differences from control values
for T4 concentration and T3 uptake at ages 40,
56, 72, and 88 weeks.f
TSH not measured.

Exposure Duration Effects
Reference
6 days
Serum fluoride at end of experiment (µg/mL): Siebenhüner et
0.165 (controls), 0.246 (60 mg/L), and 0.576 al. 1984
(200 mg/L).
No significant differences from control values
for relative thyroid weight, iodine content of
thyroglobulin, thyroidal content of organic
iodine, or amounts of monoiodotyrosine,
diiodotyrosine, T3, and T4.
TSH not measured.

30 or 50 ppm in feed
Data reported
Approx. 0.8 or 1.4 mg/kg/day through age 100
at 30 weeks of age; approx. weeks
0.5 or 0.8 mg/kg/day at 100
weeks of age

Fluoride Concentration or
Dosea
60 or 200 mg/L
(6-20 mg/kg/day)b
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Mice (Kunmin, males;
288 animals in 9
groups of 32 each; 1315 g at start)

Drinking water (NaF) Low, 0 mg/L; normal, 0.6
Iodine: low (0 µg/L); mg/L; excess, 30 mg/L
normal (20 µg/L);
(0, 0.06, and 3 mg/kg/day)b
excess 2500 µg/L)
Low-iodine, lowfluoride chow fed to
all groups

Fluoride Concentration or
Exposure Conditions Dosea
Rats (Wistar, males
Drinking water
10 or 30 mg/L in drinking
and females; 120 ± 19 Low or normal iodine water
g at start, 212 animals
(1 or 3 mg/kg/day)b
total)
See also Table E-2

Species and Strain

TABLE E-1 Contniued
Exposure Duration Effects
7 months
10 mg/L and normal iodine: no significant
effect (some decrease in serum T4 and T3).
30 mg/L and normal iodine: statistically
significant decreases in T4, T3, thyroid
peroxidase, 131I uptake, [3H]-leucine uptake,
and thyroid weight.
10 mg/L and low iodine: abnormalities in
thyroid function beyond those attributable to
low iodine; reduced thyroid peroxidase; low
T4, without compensatory transformation of
T4 to T3.
TSH not measured.
100 or 150 days
For iodine-excess groups, thyroid weight
relative to body weight decreased significantly
with increasing fluoride intake.
For iodine-deficient groups, goiter incidence
at 100 days was 18%, 40%, and 66% for low-,
normal-, and high-fluoride groups,
respectively; at 150 days, goiter incidence was
81-100%.
Fluoride-excess groups at 100 days had
elevated T4 with all concentrations of iodine
intake and elevated T3 for iodine-deficient
animals.
Fluoride excess significantly inhibited
radioiodine uptake in iodine-deficient and
iodine-normal groups.
Incisor fluorosis occurred only in the fluoride
excess groups; severity was greater in the
iodine-deficient animals.
Bone fluoride in fluoride-excess animals was
greater in iodine-deficient (means, 2,5602,880 ppm ash) or iodine-excess animals
(means, 2,140-2,380 ppm ash) than in iodinenormal animals (means, 1,830-2,100 ppm
ash).
TSH not measured.

Zhao et al.
1998

Reference
Guan et al.
1988
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Exposure Duration Effects
Not available
Skeletal and enamel fluorosis (58% of animals
within 3 km of plant were affected).
Significantly decreased concentrations of T3.
Significantly increased concentrations of
alkaline phosphatase, inorganic phosphorus,
and creatinine.
Urinary fluoride averaged 26.5 mg/L close to
smelter.
Full details not available.
Cattle, buffaloes,
Drinking water
1.5-4 mg/L in drinking water Native livestock Prevalence of enamel fluorosis up to 75%
sheep, and goats in 21 No information on
present in relevant (adult buffalo), 70% (adult cattle), or 100%
villages in India (286 iodine intake
area since birth
(calves), depending on location; prevalence of
calves, 1,675 adult
skeletal fluorosis up to 37.5% (buffalo) or
cattle, 290 adult
29% (cattle), depending on location; no
buffaloes, 780 goats,
evidence of enamel or skeletal fluorosis in
564 sheep)
goats or sheep.
No clinical evidence of goiter in any fluorotic
animals.
Animals not showing clinical signs of
fluorosis were not examined for goiter.
No measurements of any thyroid hormone
parameters or TSH.
Mice (Wistar, adult
Body weight of pups at 14 days old was
Drinking water
500 mg/L in drinking water From day 15 of
females; about 30 g at (Iodine intake 0.720 ± (50 mg/kg/day to the
pregnancy to day reduced 35%; 75% decrease in plasma T4 in
beginning; fluoride
14 of lactation
pups; 17% decrease in cerebral protein in
0.12 µg/g in diet)
mothers)b
was administered
pups; histological changes in cerebellum in
during pregnancy and
pups.
lactation)g
TSH not measured.
Drinking water
5.7-15.2 mg/L in drinking
Cows (3 years old
Lifelong
Mean values of T4, T3, and PBI in fluorotic
water
with chronic fluorosis, Iodine intakes not
animals were below the normal ranges and
10 controls without
specifically stated
(approximate doses, 0.7-1.8
also significantly less than in controls.
mg/kg/day)h
fluorosis, from
Low concentrations of bioavailable iodine in
different regions of
fluorosis region might be a factor.
Turkey)
TSH not measured.
a
Information in parentheses was calculated from information given in the papers or as otherwise noted.
b
Based on water consumption of about 10% of body weight.

Fluoride Concentration or
Exposure Conditions Dosea
Cattle near aluminum Contaminated pasture Not available
smelter in India
from smelter
emissions
No information on
iodine intake

Species and Strain

TABLE E-1 Contniued

Cinar and
Selcuk 2005

Trabelsi et al.
2001

Choubisa 1999

Reference
Swarup et al.
1998

400

Urinary
Fluoride,
mg/L
1.23 ±
0.22
6.65 ±
0.91c
8.16 ±
0.89c
1.23 ±
0.26
6.23 ±
0.88c

I
uptake, %
at 24
hours
47.37 ±
5.66
44.74 ±
5.14
42.73 ±
4.31c
58.40 ±
9.54c,e
59.05 ±
7.59c,e

131

Serum
T4,
µg/dL
3.64 ±
1.45
3.02 ±
1.48
1.44 ±
0.39c
0.76 ±
0.70c
0.65 ±
0.57c

b

Normal iodine: 310 ng/g in diet; 8.2 ng/mL in drinking water.
Fluoride: 1.856 ppm in diet; 0.4 mg/L in drinking water.
c
P < 0.01, compared with group 1 (control).
d
Low iodine: 20-62.5 ng/g in diet; deionized drinking water.
e
Also statistically significant at 2 hours and 6 hours (P < 0.01, compared with group 1).
f
Fluoride: 1.743 ppm in diet; deionized water.
Abbreviations: cpm, counts per minute; G.U., guaiacol unit; TPO, thyroid peroxidase.
Source: Guan et al. 1988. Reprinted with permission; copyright 1988, Chinese Medical Association.

a

5 (low iodine,d fluoride, 10 mg/L
in drinking water)

Group
1(control; normal iodine,a normal
fluorideb)
(normal iodine,a fluoride, 10 mg/L
in drinking water)
3 (normal iodine,a fluoride, 30
mg/L in drinking water)
4 (low iodine,d normal fluoridef)

Body
Weight,
g
293 ±
57
294 ±
85
254 ±
68c
289 ±
72
308 ±
63

Urinary
Iodine,
µg/24
hours
1.110 ±
0.226
1.215 ±
0.357
1.150 ±
0.87
0.095 ±
0.029c
0.099 ±
0.017c
Serum
T3, ng/dL
70.65 ±
30.29
61.96 ±
26.02
43.00 ±
11.31c
95.81 ±
25.18c
68.05 ±
21.96

TPO ,
G.U./100
g of body
weight
2.04 ±
0.22
1.98 ±
0.51
1.73 ±
0.24c
2.57 ±
0.44c
1.75 ±
0.21c

[3H]
Leucine
Uptake,
cpm/10 mg
1,808 ±
358
1,728 ±
790
1,258 ±
293c
2,252 ±
683c
1,804 ±
459

TABLE E-2 Summary of Effects of Fluoride Exposure for Rats with Different Amounts of Iodine Intake (Means ± SD)

Thyroid
Weight,
mg/g
9.97 ±
3.52
9.58 ±
2.40
7.90 ±
2.37c
19.91 ±
11.23c
20.13 ±
22.10c

ATSDR (2003) stated that an intermediate-duration minimal risk level (MRL) derived from this study of thyroid effects in rats would have been lower (more
protective) than the chronic-duration MRL derived from a human study of bone effects (0.05 mg/kg/day).
d
Based on feed consumption of 16 kg/day (dry weight) and body weight of 500 kg.
e
Based on water consumption of about 10% of body weight and feed consumption of about 8% of body weight.
f
Text says “triiodiothyronine uptake” and table says “thyroxine uptake.” Data for different treatment groups were not given.
g
In many mammalian species, maternal fluoride exposures are not well reflected by fluoride concentrations in milk; therefore, the impacts of fetal exposure and
of reduced milk production by the mothers must also be considered.
h
Based on water consumption of 60 L/day and body weight of 500 kg.
Abbreviations: GH, growth hormone; PBI, protein-bound iodine; TSH, thyroid-stimulating hormone.

c
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Number
Observed
12
12
12
12
12
12
9
10
13

Urinary Fluoride,
mg/Lb
2.92 ± 0.52
5.37 ± 0.43
6.39 ± 0.92
6.33 ± 0.74
3.47 ± 0.47
6.29 ± 1.08
—f
—
—

Serum T4,
µg/dLc
4.60 ± 0.34
4.83 ± 0.19
5.30 ± 0.38
4.82 ± 0.28
—
3.59 ± 0.26
2.21 ± 0.54
3.35 ± 0.47
3.39 ± 0.42

Serum T3,
ng/dLd
175 ± 7.2
168 ± 5.8
177 ± 8.4
159 ± 7.7
—
126 ± 8.4
—
—
—

Plasma Calcium,
mg/dLe
10.1 ± 0.15
9.5 ± 0.11
9.6 ± 0.11
9.4 ± 0.15
9.3 ± 0.12
9.1 ± 0.17
9.5 ± 0.14
9.5 ± 0.13
8.9 ± 0.12

Herd identification as reported by Hillman et al. (1979). Enamel fluorosis and elevated bone fluoride were confirmed in herds S1, C4, V3, and B2. Cows were
uniformly distributed throughout lactation in all herds.
b
W < all others (P < 0.05).
c
C4 < all others; S1, V3, B2 < W, B, M, G (P < 0.05).
d
S1 < W, B, M, G (P < 0.05).
e
B2 < M, W; S1, P, G < W (P < 0.05).
f
—indicates not measured or not reported.
Source: Hillman et al. 1979. Reprinted with permission; copyright 1979, Journal of Dairy Science.

a

Herda
W
B
M
G
P
S1
C4
V3
B2

TABLE E-3 Summary of Selected Findings for Fluoride-Exposed Dairy Cows
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Nepal, 648 persons in 13 villages
with similar iodine concentrations
in water, all ages
Ecologic study; cross-sectional;
samples represented about onethird of the population in each
village (children presenting for
inoculations plus accompanying
adults)

Israel, 2,685 girls, ages 7-18
Ecologic study; cross-sectional;
may have included all eligible
subjects, but not specifically stated
U.S., adults ages 18-60; 106 from
Crisfield, Maryland (42% female);
109 from New York City (29%
female)
Ecologic exposure measure; crosssectional; no information on subject
selection

Study Population(s) and Type
India, 3 villages, 2,008 persons, all
ages
Ecologic study; cross-sectional;
entire population of each village
included

General iodine status not given.
Chrisfield: the 3 individuals with
the highest PBI concentrations
were all on iodine medication for
non-thyroidal disease, and one of
the individuals with the lowest PBI
had had a partial thyroidectomy for
a thyroid cyst.b
New York City: the individual
with the highest PBI was taking 3
grains of thyroid daily.b
Iodine in drinking water: ≤1 µg/L.
Diet low in iodine; iodized salt not
available.
Calcium in water, 3-148 mg/L.
Magnesium in water, 0.5-77 mg/L.
Water hardness, 10-670 ppm (as
CaCO3).

0.09 mg/L in New York City
3.48 mg/L in Crisfield,
Maryland
≥10 years exposure

< 0.1 to 0.36 mg/L
Lifelong

< 0.1-0.9 mg/L
Lifelong

Iodine Status and Other
Information
Iodine in drinking water: 14.4175.3 µg/L (inverse relationship to
fluoride concentration).
Iodine from salt: 86 µg/day.
Calcium in diet: 480 mg/day.
Diet considered deficient in
proteins, fats, calcium, vitamins A
and C.
Iodine in drinking water: < 2-100
µg/L

Fluoride Concentrationa and
Exposure Duration/Conditions
5.4, 6.1, and 10.7 mg/L (means
for the villages)
Lifelong

Gedalia and
Brand 1963

Reference
Siddiqui
1960

Goiter prevalence (5-69%) positively
associated with fluoride concentration
(ρ = 0.74, P < 0.01).
Goiter prevalence of at least 20%
associated with fluoride concentrations
≥ 0.19 mg/L.
Goiter prevalence also associated
positively with water hardness (ρ =
0.77, P < 0.01), calcium (ρ = 0.78, P <
0.01) and magnesium (ρ = 0.83, P <
0.01).
Effect of fluoride was independent of
that of hardness.

Day and
PowellJackson
1972

No differences in PBI.
Leone et al.
No gross thyroid abnormalities or gross 1964
evidence for thyroid disease.
Mild or moderate enamel fluorosis in
75% of individuals from Crisfield.

Endemic goiter associated with low
iodine content of water, but not with
fluoride content of water.

Effects
Transient goiters in persons aged 1417; associated with increased fluoride
in water and with decreased iodine in
water.

TABLE E-4 Effects of Fluoride in Drinking Water on Thyroid Follicular Cell Function in Humans
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Ukraine, 2 cities with different
Values not given
water fluoride concentrations
Ecologic exposure measure; crosssectional; no information on subject
selection

Study Population(s) and Type

Iodine status not given

Fluoride Concentrationa and
Iodine Status and Other
Exposure Duration/Conditions Information
Iodine status not given
7.8-8.0 or 24.5-25.0 mg/L
India, 9 patients with moderate to
severe skeletal fluorosis (6 males, 3 Current exposure to 0.8 and
1.8 mg/L in water for the 2
females), mean age 29 years; 5
persons who had moved
control individuals (3 males, 2
Lifelong
females), mean age 31 years
2 persons had moved to nonCase-control study; individual
estimates of current fluoride intake, endemic areas 2 or 5 years
previously
measurements of fasting plasma
Symptomatic for 10-15 years
fluoride and urinary fluoride;
incomplete information on
selection of subjects and controls
Germany, 13-15 years old, males
0.1-0.2 and 3 mg/L
Iodine status not given.
and females, 17 in low-fluoride
Lifelong
group and 26 in high-fluoride group
Ecologic exposure measure; crosssectional; no information on subject
selection; 2 of the original 19 in
low-fluoride group excluded upon
discovery of hyperthyroidism

TABLE E-4 Continued

Baum et al.
1981

No significant differences in T3
uptake, T4, free T4 index, T3, reverse
T3, thyroglobulin, TSH, thyroglobulin
antibodies, or microsomal thyroid
antibodies.
Unexplained decrease in thyroglobulin
in girls (31.3 ± 12.9 ng/mL in the lowfluoride group and 13.8 ± 4.3 ng/mL in
the high-fluoride group); this
difference is also reflected in the
means for boys and girls combined.
Iodine deficiency and “adaptive
amplification of the hypophysealthyroid system” (increased TSH?) in
residents with high fluoride in drinking
water; increased incidence of
“functional disturbance” of the thyroid,
but no structural changes
Full details not available

Sidora et al.
1983

Reference
Teotia et al.
1978

Effects
PBI values all normal (4.2-5.8 µg/100
mL).
No evidence of goiter or thyroid
dysfunction.
See also Tables E-9, E-10, and E-12
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India, 22,276 individuals in a single
district, all ages
Ecologic study; cross-sectional;
subjects included 1% of total
population and 5% of school
children of randomly selected
villages

Ukraine, 47 healthy persons (ages
19-59), 43 persons with
hyperthyroidism (ages 18-58), and
33 persons with hypothyroidism
(ages 20-55)
Ecologic exposure measure; crosssectional; no information on subject
selection other than by thyroid
status
See also Table 8-6
China, children ages 7-14, 250 in
Area A and 256 in Area B
Ecologic exposure measure; crosssectional; no information on subject
selection

Study Population(s) and Type

TABLE E-4 Continued

Iodine in drinking water (µg/L):
Area A, 5.21; Area B, 0.96
Goiter prevalence: Area A, 91%;
Area B, 82%

Iodine in drinking water ≥ 10
µg/L.
Goiter prevalence ranged from
9.5% to 37.5% (14.0% overall).

Area A, 0.88 mg/L (enamel
fluorosis, 20.80%)
Area B, 0.34 mg/L (enamel
fluorosis, 16.00%)
Lifelong

≥1 mg/L
Enamel fluorosis prevalence
ranged from 6.0% to 59.0%
(12.2% overall)
Lifelong

Fluoride Concentrationa and
Iodine Status and Other
Exposure Duration/Conditions Information
Region I: 0.5-1.4 mg/L (mean, Iodine status not given
1.0)
Region II: 1.6-3.5 mg/L
(mean, 2.3)
Lifelong (permanent residents)
Effects
Among normal individuals,
significantly increased serum TSH and
thyroidal 131I uptake and significantly
decreased serum T3 in Region II,
although values still within normal
ranges
Differences between Regions I and II
not seen among thyroidopathy patients
No information on the prevalence of
thyroid disease in the two regions
Area A had higher TSH, slightly higher
131
I uptake, and lower mean IQ than
Area B
Area A also had reduced T3 and
elevated reverse T3, compared with
Area B
Urine fluoride (mg/L): Area A, 2.56;
Area B, 1.34-1.61
Significant positive correlation
between prevalence of goiter and
enamel fluorosis (r = 0.4926, P <
0.001).
No significant correlation between
water iodine concentration and goiter
prevalence (r = 0.1443, P > 0.05).
In regions with water iodine
concentrations > 20 µg/L, goiter
prevalence was significantly higher in
regions with fluoride > 2 mg/L
(27.8%) than in regions with fluoride <
2 mg/L (17.1%).
No evidence for functional changes in
thyroid activity associated with the
presence of goiter.

Desai et al.
1993

Lin et al.
1991

Reference
Bachinskii et
al. 1985

405

Effects
Urinary fluoride: 2.08 ± 1.03 mg/L
Urinary iodine: 816.25 ± 1.80 µg/L.
Reduced 131I uptake rate, elevated
serum TSH, with respect to controls.
Prevalence of thyroid enlargement was
3.8% in adults and 29.8% in children,
and of enamel fluorosis, 35.5% and
72.9%, respectively.
India, 500 individuals from 52
1.0-6.53 mg/L (18 villages, <2 Iodine status not given
Serum fluoride (mg/L): 38%, <0.2;
villages in 2 districts; blood
mg/L; 26 villages, 2-4 mg/L; 8
47%, 0.2-0.4; 15%, >0.4.
samples from randomly selected
villages, >4 mg/L; 74% with
Significant increase in serum T4 (P <
subset of control and fluorotic
slight to severe mottling of
0.001): 14.77 ± 0.512 µg/dL versus
individuals
teeth)
9.16 ± 0.63 µg/dLc (ranges, 7.2-20.0
Ecologic exposure measure; cross- Control, 0.56-0.72 mg/L
versus 5.4-13.0).
sectional; no information on
Lifelong
No significant differences in
selection of original set of subjects
concentrations of serum T3 and TSH.
Iodine in water, 105 to > 201 µg/Ld Goiter prevalence ranged from 5.2% to
South Africa, 671 children, ages, 6, Low: 0.3 and 0.5 mg/L
12, and 15, from six towns selected Medium: 0.9 and 1.1 mg/L
Iodine in urine, 193 to > 201 µg/Ld 29.0% (15.3-29.0% for 5 of the 6
High: 1.7 and 2.6 mg/L
by fluoride concentration of
(median values)
towns)
Severe mottling of teeth in
drinking water
Iodine status considered sufficient The two towns with the highest
Ecologic exposure measure; cross- most children in the high(possibly even high)
fluoride had the highest goiter rates
sectional; study population
fluoride towns, not seen in the
(27.7 and 29.0%)
included all children of the
other towns
The town with 5.2% goiter prevalence
designated ages who spent their
Lifelong
had substantially less undernutrition
entire lives in the study towns
than the other 5 towns
See also Table E-5

Study Population(s) and Type

Fluoride Concentrationa and
Iodine Status and Other
Exposure Duration/Conditions Information
China, no details available
High fluoride, values not given High iodine, values not given
Ecologic study; probably cross(Enamel fluorosis in children,
sectional; no information on subject 72.9%)
selection
Lifelong

TABLE E-4 Continued

Jooste et al.
1999

Michael et
al. 1996

Reference
Yang et al.
1994
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India, 90 children, ages 7-18 with
enamel fluorosis; 21 controls, ages
8-20 without enamel fluorosis
Case-control study, subjects with
and without enamel fluorosis, also
selected by water fluoride
concentration; cross-sectional;
ecologic exposure measure (water
fluoride concentration) but urine
and serum fluoride also measured

Study Population(s) and Type

TABLE E-4 Continued
Fluoride Concentrationa and
Exposure Duration/Conditions
Children with dental fluorosis:
1.1-14.3 mg/L (mean, 4.37
mg/L)
Children without fluorosis:
Group I, 0.14-0.81 mg/L
(mean, 0.23 mg/L); Group II,
0.14-0.73 mg/L (mean, 0.41
mg/L)
Lifelong
Iodine Status and Other
Information
Iodine supplementation via iodized
salt for more than a decade
previously, considered satisfactory

Effects
Reference
Susheela et
49 of 90 children with fluorosis had
al. 2005
“well-defined hormonal
derangements”; findings were
borderline in the remaining 41 children
Five distinct categories of hormonal
deviations:
normal FT4 and FT3, elevated TSH
(subclinical hypothyroidism, 23 of 90)
normal FT4 and TSH, low FT3 (low
T3 syndrome, 16 of 90); borderline low
T3 in many of the other children
normal FT4, elevated FT3 and TSH (7
of 90); T4 on low end of normal range,
possible T3 toxicosis
normal FT3, low FT4, elevated TSH (2
of 90)
normal FT4, low FT3, elevated TSH (1
of 90)
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Fluoride Concentrationa and
Iodine Status and Other
Exposure Duration/Conditions Information

Effects
Reference
Categories 2-5 all associated with or
can be caused by abnormal deiodinase
activity
Only 4 control children had serum
fluoride concentrations below the
normal upper limit; approximately
50% of the control children also had
“hormonal deviations”; children with
“safe” water (< 1 mg/L fluoride) were
taking in too much fluoride,
presumably from non-water sources
Urinary fluoride concentrations
(normal upper limit, 0.1 mg/L):
Children with fluorosis, 0.41-12.8
mg/L (mean, 3.96 mg/L)
Controls, 0.09-4.2 mg/L
Serum fluoride concentrations (normal
upper limit, 0.02 mg/L):
Children with fluorosis, 0.02-0.41
mg/L (mean, 0.14 mg/L)
Controls, 0.02-0.29 mg/L
a
Due to the great range of ages included in the various studies, and because the reports do not include dose estimates (mg/kg/day), comparisons in this table are
best made in terms of fluoride concentrations in drinking water. Approximations of representative doses have been made as follows:
Day and Powell Jackson (1972) (iodine deficiency present): [F] = ≥ 0.2 mg/L; intake of 1 L/day for a 20-kg child; approximate dose ≥ 0.01 mg/kg/day.
Bachinskii et al. (1985): [F] = 1.6-3.5 mg/L; intake of 2 L/day for a 70-kg adult; approximate dose, 0.05-0.1 mg/kg/day.
Lin et al. (1991) (iodine deficiency present): [F] = 0.88 mg/L; intake of 1 L/day for a 30-kg child; approximate dose, 0.03 mg/kg/day.
Michael et al. (1996): [F] = 1.0-6.5 mg/L; intake of 2 L/day for a 60-kg adult; approximate dose, 0.03-0.22 mg/kg/day.
Jooste et al. (1999): [F] = 1.7 and 2.6 mg/L; intake of 1 L/day for a 20-kg child or 2 L/day for a 50-kg teenager; approximate doses, 0.09-1.3 mg/kg/day for the
child and 0.07-0.1 mg/kg/day for the teenager.
Susheela et al. (2005): [F] = 1.1-14.3 mg/L; intake of 2 L/day for a 50-kg teenager; approximate dose, 0.04-0.6 mg/kg/day.
b
McLaren (1976) suggested that these individuals should not have been included in the samples or else that further research on the etiology should have been
carried out.
c
The units for serum T4 given by Michael et al. 1996 are ng/mL, but most likely µg/dL was meant. In units of µg/dL, these mean values are in the normal range
for the controls and slightly above the normal range for the endemic fluorosis population. If the values are in ng/mL, then both means are below the normal
range for serum T4.
d
Iodine concentrations reported as 0.83 to > 1.58 µmol/L in water and 1.52 to > 1.58 µmol/L in urine.
Abbreviations: FT3, free T3; FT4, free T4; PBI, protein-bound iodine.

Study Population(s) and Type

TABLE E-4 Continued

408

Fluoride in
Drinking
Water, mg/L
0.3
0.5
0.9
1.1
1.7
2.6
Goiter
Prevalence,
%
15.3
17.3
18.4
5.2
27.7
29.0

Median
Urinary Iodine,
µg/L a
> 201
> 201
193
> 201
> 201
> 201

Iodine in
Drinking
Water, µg/L b
105
> 201
127
—c
> 201
143

Region
I
II
I
II
I
II

No.
21
22
14
19
17
30

Fluoride
in Urine,
mg/L
1.5 ± 0.2
2.9 ± 0.5d
1.4 ± 0.2
2.8 ± 0.4d
1.5 ± 0.2
2.4 ± 0.2c

Fluoride
in Urine,
mg/day
2.1 ± 0.4
3.9 ± 0.9d
1.6 ± 0.2
3.7 ± 0.7d
1.9 ± 0.3
2.7 ± 0.2c

Fluoride in
Serum,
mg/L
0.18 ± 0.01
0.19 ± 0.01e
0.23 ± 0.02
0.29 ± 0.02
0.21 ± 0.01
0.25 ± 0.01c

Fluoride in
Erythrocytes
, mg/L
0.46 ± 0.03
0.51 ± 0.10
0.55 ± 0.10
0.61 ± 0.02
0.55 ± 0.10
0.61 ± 0.03

b

Reported as 250 ± 16, 261 ± 23, 26 ± 7, 29 ± 2, 97 ± 8, and 94 ± 6 nmol/L, respectively.
Reported as 5.2 ± 0.7, 7.1 ± 1.8, 1.1 ± 0.4, 1.0 ± 0.1, 2.8 ± 0.3, and 2.0 ± 0.2 nmol/L, respectively.
c
P < 0.05 compared with controls residing in Region I.
d
P < 0.05 compared with patients with corresponding thyropathies residing in Region I.
e
P < 0.05 compared with controls residing in Region II.
Source: Adapted from Bachinskii et al. (1985).

a

Controls

Hypothyroid

Group
Hyperthyroid

Fluoride in
Drinking
Water,
mg/L
1.2 ± 0.2
2.2 ± 0.2d
1.1 ± 0.1
2.5 ± 0.5d
1.0 ± 0.1
2.3 ± 0.1c

I
uptake,
24 hours,
%
61 ± 7c
72 ± 13ec
8.5 ± 2.7c
9.8 ± 1.3e
24 ± 3
33 ± 4c

131

Iodine in
Iodized
Salt, ppm
28
5
11
9
5
4

TABLE E-6 Summary of Findings in Healthy Persons and Persons with Thyroid Disease

b

Reported as > 1.58, > 1.58, 1.52, > 1.58, > 1.58, and > 1.58 µmol/L, respectively.
Reported as 0.83, > 1.58, 1.00, > 1.58, and 1.13 µmol/L, respectively.
c
No water sample.
Source: Jooste et al. 1999. Reprinted with permission; copyright 1999, Macmillian Publishers Ltd.

a

Town
Williston
Victoria West
Frazerburg
Carnarvon
Brandvlei
Kenhardt

Sample
Size
85
127
87
95
94
183

TABLE E-5 Summary of Selected Parameters for Six South African Towns

19 ± 1.2c
20 ± 1.8e
2.0 ± 0.54c
2.3 ± 0.16e
7.5 ± 0.62
7.3 ± 0.47

T4, µg/dLa

340 ± 46c
460 ± 120e
72 ± 26c
65 ± 6.5e
180 ± 20
130 ± 13c

T3, ng/dLb

TSH,
milliunits/
L
0.8 ± 0.12c
0.6 ± 0.08e
51 ± 11c
58 ± 17e
2.4 ± 0.2
4.3 ± 0.6c
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Fluoride Concentration
or Dose
Effects
2-10 mg/day
Clinical improvement in 6 of 15
[0.029-0.14 mg/kg/day]a patients (symptoms of hyperthyroidism
relieved, both BMR and plasma PBI
reduced to normal concentrations);
BMR or PBI was often improved in
the other 9
Greatest improvement in women
between 40 and 60 years old with a
moderate degree of thyrotoxicosis.
36 mg/day or less
NaF, orally (twice per
Tested for T3 uptake, T4, free T4
Reduction to half dose index, T3, and TSH; tested before start
day)
Iodine status not given necessary for 6 patients of trial and after 3 and 6 months.
[0.3 or 0.6 mg/kg/day]b No changes observed in thyroid
Only 10 patients took
their medicine regularly
function or size.
(as indicated by
measurements of plasma
fluoride)
6 months
NaF, orally (3 times per 27 mg/day during first No changes in thyroid function (T4,
year
day with meals)
T3, T3 uptake, TSH).
Iodine status not given Later adjusted to
Joint-related (51%) and
Calcium phosphate and maintain serum fluoride gastrointestinal (25%) side effects at
between 0.095 and 0.19 some point during treatment; 6%
vitamin D were
mg/L (5 and 10 µmol/L) withdrew due to side effects; side
supplemented
Mean duration 2.8 years [0.45 mg/kg/day]b
effects rare when doses reduced to 14(5 years for 43 patients)
18 mg/day.

Exposure Conditions
and Duration
NaF, orally (3 times per
day) or intravenously
(once per day)
Iodine status not given
20-245 days

b

Based on 70-kg body weight.
Based on 60-kg body weight.
Abbreviations: BMR, basal metabolic rate; PBI, protein-bound iodine

a

Denmark, osteoporosis patients, 140
females, 23 males, aged 16-84 years,
mean 63.7 years
Clinical therapeutic trial; non-blinded;
163 consecutive patients (1975-1983)
presenting with osteoporosis and at
least one atraumatic spinal fracture and
who started treatment with fluoride,
calcium and vitamin D; comparison
with before-treatment values

Germany, women with osteoporosis,
26 total completed 6 months of
treatment (median age 62.1 years)
Clinical therapeutic trial; non-blinded;
comparison with before-treatment
values; 38 patients originally enrolled,
3 excluded for disturbance of thyroid
function

Study Population(s) and Type
Switzerland, patients with
hyperthyroidism, males and females,
15 total
Clinical trial; non-blinded; comparison
with before-treatment values;
mechanistic rather than therapeutic
study

TABLE E-7 Effects of Clinical Fluoride Exposure on Thyroid Follicular Cell Function in Humans

Hasling et al.
1987

Eichner et al.
1981

Reference
Galletti and
Joyet 1958
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Exposure Duration
A: 2 months
B: 4 days (lived with
controls for 2 months,
ip injections on last 4
days)
Approximately 6
months
Experiment
terminated when
litters were 7 weeks
old (maternal age
approximately 14
months)

Concentration or Dosea
A: 40 mg/L
[4 mg/kg/day]b
B: 20 mg/kg/day

2 mg/kg/day (fluoride in
ration adjusted
periodically to maintain
this dose)

Information in brackets was calculated from information given in the papers or as otherwise noted.
Based on water consumption of about 10% of body weight.

b

a

Exposure Conditions
A: Drinking water (8
animals)
B: Intraperitoneal (4
animals)
C: Controls (4
animals)
Basal ration (Ca
Pigs (females, 20
with thyroidectomy at deficient); basal
ration plus Ca and P;
10 weeks old, 20
basal ration plus NaF;
intact; 8 months old
at start of experiment; basal ration plus Ca,
P, and NaF
bred at 8 1/2 months
Iodinated casein (0.2
old)
g/day) fed to
thyroidectomized
animals

Species and Strain
Rats (SpragueDawley, albino, 200
g at start, 16 total,
both sexes)

Effects
No morphological differences
in parafollicular cells.
No evidence for short-term
release of calcitonin, but
calcitonin not directly
measured.
Retarding effect on cortical
bone remodeling; intact
thyroid gland necessary for
this effect (effect not seen in
thyroidectomized animals
with replacement of thyroid
hormone but not calcitonin).
Bone fluoride in intact
animals (µg/g): basal, 285;
basal plus Ca and P, 181;
basal plus NaF, 3,495; basal
plus Ca, P, and NaF, 3,249.
Bone fluoride in
thyroidectomized animals
(ppm): basal, 280; basal plus
Ca and P, 252; basal plus
NaF, 3323; basal plus Ca, P,
and NaF, 3197.

TABLE E-8 Effects of Fluoride on Thyroid Parafollicular Cell Function in Experimental Animals

Rantanen et
al. 1972

Reference
Sundström
1971
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Elevated concentrations of
calcitonin in blood.

Normal or elevated plasma
calcitonin.

Elevated concentrations of
serum calcitonin and
parathyroid hormone.

Not available

1.5-25 mg/L

Not available

Occupational exposure (fluorine
production)
Duration not available

b

Doses in brackets were calculated from information given in the papers; other information is as reported.
Based on 60-kg body weight.

a

Effects
Elevated calcitonin
concentrations: A, 3 of 3; B, 4
of 4; C, 1 of 2 (8 of 8
individuals with intake ≥ 3.8
mg/day; plasma fluoride ≥ 0.11
mg/L (5.7 µmol/L); urinary
fluoride ≥ 2.2 mg/day).

Concentration or Dosea
A) 8.7-9.2 mg/day for 3 persons
(7.8-8.0 mg/L in water) [0.145-0.15
mg/kg/day]b
B) 21.0-52.0 mg/day for 4 persons
(24.5-25.0 mg/L in water) [0.35-0.87
mg/kg/day]b
C) 2.5 and 3.8 mg/day for 2 persons
(0.8 and 1.8 mg/Lin water) [0.040.06 mg/kg/day]b
D) 1.2-2.2 mg/day for 5 controls
(0.7-1.0 mg/L in water) [0.02-0.04
mg/kg/day]b

Exposure Conditions and Duration
Drinking water, area with endemic
skeletal fluorosis
2 persons had moved to
nonendemic areas 5 or 2 years
previously
Exposed since birth Symptomatic
for 10-15 years

Drinking water
Comparison of groups with
adequate (>800 mg/day) and
inadequate (<300 mg/day) dietary
calcium intake
Exposed since birth
China, 50 male fluoride workers Occupational exposure
Duration not available
and 50 controls
Occupational cohort study;
cross-sectional; measurements
of fluoride in serum and urine;
full details not available

Study Population(s) and Type
India, 9 patients with moderate
to severe skeletal fluorosis (6
males, 3 females), mean age 29
years;
5 controls (3 males, 2 females)
mean age 31 years
Case-control study; individual
estimates of current fluoride
intake, measurements of fasting
plasma and urinary fluoride;
incomplete information on
selection of subjects and
controls
See also Tables E-4, E-10, and
E-12
Russia, description of subjects
not available
Occupational study; probably
cross-sectional; full details not
available
Review of epidemiological
studies from 1963-1997 (45,725
children)
See also Table E-12

TABLE E-9 Effects of Fluoride on Thyroid Parafollicular Cell Function in Humans

Huang et
al. 2002

Teotia et
al. 1998

Tokar’ et
al. 1989

Reference
Teotia et
al. 1978
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Fluoride in
Drinking
Age Sex Water, mg/L
35
F
1.0
22
M
0.8
25
M
0.8
32
M
0.7
34
F
1.0
25
M
0.8
18
M
1.8
36
M
7.8
25
F
8.0
22
M
8.0
36
F
24.5
34
F
25.0
35
M
25.0
58
M
25.0

Fluoride
Intake,
mg/day
1.2
1.6
1.8
2.0
2.2
2.5 (38)d
3.8 (30)e
8.7
9.2
9.2
21.0
28.0
48.0
52.0

Urinary
Fluoride,
mg/day
0.8
0.2
0.6
1.0
1.2
1.2
2.2
3.2
4.2
5.8
10.0
11.0
15.0
18.5
Plasma
Fluoride,
mg/Lb
0.023
0.021
0.030
0.020
0.038
0.036
0.12
0.15
0.15
0.18
0.11
0.17
0.14
0.26
Urinary
Calcium,
mg/day
120
115
95
170
130
85
80
65
60
70
75
70
65
78
Plasma
Calcium,
mg/dL
9.5
10.0
10.2
9.6
9.8
10.1
9.7
8.9
8.3
8.8
9.8
9.65
9.8
10.6
Calcitonin,
µg/L
< 0.08
< 0.08
< 0.08
< 0.08
< 0.08
< 0.08
0.14f
0.10f,g
0.10f
0.12f
0.18f
0.18f
0.10f
0.10f

IPTHc,
µg/mL
< 0.35
0.40
0.50
< 0.35
0.35
0.55
0.40
0.70h
0.50
0.35
0.40
1.10h
0.80h
1.50h

Case number as reported by Teotia et al. (1978), arranged in order of increasing fluoride intake. Control subjects are indicated. Asterisks by the case numbers
indicate patients no longer living in the high-fluoride area; case 2 had moved 5 years previously and case 4 had moved 2 years previously.
b
Plasma fluoride reported in µmol/L as follows: 1.2, 1.12, 1.6, 1.05, 2.0, 1.9, 6.1, 7.8, 8.0, 9.7, 5.7, 9.2, 7.5, and 13.6.
c
Plasma immunoreactive parathyroid hormone.
d
Fluoride intake before moving had been 38 mg/day.
e
Fluoride intake before moving had been 30 mg/day.
f
Considered elevated above calcitonin concentrations found in normal controls.
g
Listed as “<0.10” in Table 1 of Teotia et al. (1978) but assumed to be a misprint of “0.10” based on information in the text of that paper.
h
Considered elevated above IPTH concentrations found in normal controls.
i
Patient had radiographic findings suggestive of secondary hyperparathyroidism.
Source: Adapted from Teotia et al. (1978).

a

1control
3control
2control
4control
5control
2*
4*
8
7
6
1
3i
5
9i

Case
Numbera

TABLE E-10 Summary of Selected Findings for Nine Patients with Endemic Skeletal Fluorosis and Five Controls
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Exposure
Conditions
Drinking
water
No
information
on dietary
calcium

Rats (Sprague-Dawley,
weanling male, 45 g;
either thyroidparathyroidectomized or
sham-operated; 17-21
animals per group)

10 mg/kg/day

Concentration or
Dosea
200 mg/L (NaF)
[90 mg/L]
[9 mg/kg/day]b

Drinking
90 mg/L
water
[9 mg/kg/day]b
0.6% calcium Controls, <1 mg/L
in diet

Rabbits (strain and sex
Oral
not stated, 48-42 days old supplement
at start)
No
information
on dietary
calcium

Species and Strain
Sheep (4 pairs of twin
lambs)

15 days

14 weeks; some
animals followed for
another 24 weeks
after withdrawal of
fluoride

Exposure Duration
1 week or 1 month

Effects
After 1 week, only slight changes in
parathyroid ultrastructure; after 1 month,
hypertrophy and ultrastructural changes
considered to be indicative of increased
activity in most cells.
Fivefold increase in blood PTH as early as 1
week, remained raised through 1 month.
Severely reduced skeletal growth, no
evidence of increased resorption, no definite
pathology of kidney.
No significant differences in serum calcium
or magnesium; no significant differences in
histological, morphometric, or ultrastructural
features; no evidence for increased
production of PTH or secondary
hyperparathyroidism.
PTH concentrations not measured.
No effect of fluoride on serum calcium,
serum phosphorus, or body weight in either
group.
No effect of fluoride on serum
immunoreactive PTH in sham-operated
group.
Significantly increased periosteal bone
formation, significantly decreased endosteal
bone formation, increased endosteal bone
resorption; effects on bone were thought not
to be due to increased PTH activity.

TABLE E-11 Effects of Fluoride on Parathyroid Function in Experimental Animals

Liu and
Baylink
1977

Rosenquist
and Boquist
1973

Reference
Faccini and
Care 1965
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Concentration or
Dosea
150 mg/L
[15 mg/kg/day]b

Drinking water: 50
mg/L in treated
group, 0.5 mg/L in
controls
Feed: 5 mg/kg feed
(0.26 mM/kg feed)
[Approximate doses:
treated group, 5.4
mg/kg/day; controls,
0.45 mg/kg/day]c

Intraperitonea 15.8 mg/kg (35
l
mg/kg NaF)

Exposure
Conditions
Drinking
water
Dietary
calcium not
given

Rats (Wistar, male, age 5 Drinking
weeks, 80 g; 40 animals water and
total)
feed

Rats (Wistar albino,
males, 95-105 g; 5
animals per group)

Species and Strain
Rats (Sprague-Dawley,
males, 290-300 g; 12
animals per group)

TABLE E-11 Continued
Effects
Ultrastructural evidence (from transmission
electron microscopy) of increased
parathyroid activity: higher percentage of
active chief cells (90% versus 6%),
increased numbers of secretory granules,
accumulation of glycogen granules.
Results considered indicative of a type of
secondary hyperparathyroidism.
Single dose, killed 0- Increased serum phosphorus; decreased
24 hours later
urinary phosphorus; no change in serum
calcium; increased urinary calcium;
increased calcium, magnesium, and cAMP
in renal cells (increase in cAMP was
temporary); increased activity of Ca2+ATPase in kidney.
Effects were suppressed in thyroidparathyroidectomized animals.
PTH concentrations not measured.
Average serum immunoreactive PTH
46 weeks
reduced in fluoride-treated animals (not
Calcium-deficient
diet for last 16 weeks significantly) at 35 weeks.
(from age 35 weeks, At 51 weeks, normal increase in PTH in
approximately 500 g) response to a dietary calcium deficiency did
not occur in fluoride-treated animals
for half of the
(inhibition of normal parathyroid function).
animals
Small but significant increase in calculated
cytoplasmic volume was observed in
calcium-deficient animals given fluoride.
Normal serum calcium concentrations in all
groups.

Exposure Duration
10 weeks

Rosenquist
et al. 1983

Suketa and
Kanamoto
1983

Reference
Ream and
Principato
1981a;
1981b;
1981c
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Sheep (females, 3 breeds,
average age 6.0 ± 2.8
years, 55-60 kg; 2 groups
of 7 animals)

Species and Strain
Pigs (female, 8 months
old, average weight 112
kg; 8 animals per group)

Concentration or
Dosea
Exposure Duration
6 months (average
2 mg/kg/day
(Fluoride in feed and weight, 166 kg)
water approximately
0.05 mg/kg/day)

Oral with dry 0.45 or 2.3
45 days
mg/kg/day (NaF 1 or
feed
5 mg/kg/day)d
Normal
dietary
calcium
without
calcium
supplementati
on

Exposure
Conditions
Daily oral
supplement
High calcium
and vitamin
D in diet

TABLE E-11 Continued
Effects
Plasma fluoride (mg/L): controls, 0.013;
treated, 0.24; peak (40-100 minutes after
dose), >1.9.
Skeletal fluorosis without changes in plasma
calcium, parathyroid activity, or vitamin D
concentrations.
No effect on PTH (measured after 4
months).
Significant decrease in serum calcium and
phosphorus in both groups; significant
increase in osteocalcin in second group.
Variable increase in serum PTH in both
groups, not statistically significant due to
wide variation, but mean serum PTH in both
groups at least twice as high at 45 days (4.9
± 3.5 and 3.9 ± 0.9 milliunits/mL) as at
beginning of experiment (1.9 ± 0.3
milliunits/mL in both groups).
Effects on osteoblast birth rate and life span;
increased bone formation and resorption, but
formation greater than resorption (net
increase in bone mass); possible secondary
hyperparathyroidism.
Serum fluoride (means, mg/L): initial (both
groups), 0.10-0.11; final (45 days), first
group, 0.24, second group, 0.82; peak > 0.5
at 3 hours after single dose of NaF at 3.5
mg/kg (fluoride, 1.6 mg/kg).
Bone fluoride (means, ppm in ash): initial,
2,200-2,500; final, 2,700-3,200.

Chavassieux
et al. 1991

Reference
Andersen et
al. 1986
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Exposure
Conditions
Drinking
water

Rats (strain not available) Drinking
water
Dietary
calcium
adequate or
low

Drinking
Rabbits (Dutch-Belted,
female, 3 1/2 months old water
at start, 1.55 kg; 2 groups
of 12 animals)
See also Table E-16

Species and Strain
Rats (Sprague-Dawley,
male, 40-50 g weanlings
at start, 68-77 animals
per group)

TABLE E-11 Continued

100 mg/L
[10 mg/kg/day]b

2 months

Concentration or
Dosea
Exposure Duration
3, 6, 12, or 18 months
5, 15, or 50 mg/L
(0.26-0.45, 0.69-1.31,
and 2.08-3.46
mg/kg/day,
decreasing with
increasing body
weight)
0 and 100 mg/L
6 months
[7-10.5 mg/kg/day]e
Decreased serum calcium (3%, possibly in
the protein-bound fraction).
No statistically significant changes in PTH,
vitamin D metabolites, or serum
phosphorus; mean PTH elevated 3%.
Increased bone-specific alkaline phosphatase
and tartrate-resistant acid phosphatase,
indicative of increased bone turnover.
Increased bone mass, but decreased bone
strength.
Increased serum fluoride (0.73 mg/L versus
0.044 mg/L) and bone fluoride (6,650-7,890
ppm in ash versus 850-1,150 ppm in ash).
High intake of calcium and vitamin D from
rabbit chow, probable explanation for
absence of secondary hyperparathyroidism.
Animals on low-calcium diet: osteomalacia,
osteoporosis, accelerated bone turnover,
increased serum alkaline phosphatase,
increased osteocalcin, increased PTH.
Animals on adequate calcium diet: slightly
increased osteoblastic activity (elevated
serum alkaline phosphatase activity and
increased average width of trabecular bone
after 1 year).

Li and Ren
1997

Turner et al.
1997

Effects
Reference
“No significant effect” on plasma calcium or Dunipace et
al. 1995
alkaline phosphatase; specific data by
treatment group not reported.
PTH concentrations not measured.
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40 mg/kg/day NaF
(18 mg/kg/day
fluoride to the
mothers)

Rats (Wistar, adult
NaF orally by
females, 150-170 g at
feeding tube
start; fluoride
administered during
pregnancy and lactation)g

Not available

Concentration or
Dosea
5, 15, or 50 mg/L
[0.5, 1.5, or 5
mg/kg/day]b

500 mg/L
(50 mg/kg/day)b,f

Exposure
Conditions
Drinking
water
Either
calciumdeficient diet
or diet
deficient in
protein,
energy, or
total nutrients
Isoflurane
anesthesia

Rats (Wistar, females, 4- Drinking
5 months old, 130-150 g) water

Monkeys (cynomolgus,
females, 2.5-3.5 kg)

Rats (Sprague-Dawley,
male, 30 to 40 g
weanlings at start, 432
animals total)

Species and Strain

TABLE E-11 Continued

Day 6 of gestation
through day 21 of
lactation

60 days

2 hours

16 or 48 weeks

Exposure Duration
No significant effect on plasma calcium or
alkaline phosphatase; specific data by
fluoride treatment group not reported.
PTH concentrations not measured.
Calcium-deficient animals absorbed and
retained more fluoride than controls and, in
highest fluoride group, gained significantly
less weight.
Combination of general malnutrition and
calcium deficiency was not examined.
Increased serum inorganic fluoride;
decreased ionized calcium; increased PTH
and osteocalcin in response to decreased
calcium.
Serum fluoride 0.070 mg/L versus 0.046
mg/L with ketamine/atropine anesthesia.
Hypocalcemia, attributed to suppressed
gastrointestinal absorption of calcium
Decreased weight gain; inhibition of
acetylcholinesterase and total cholinesterase
in brain and serum; decreased spontaneous
motor activity and endurance time
PTH not measured
Hypocalcemia in mothers and offspring
PTH not measured
Significant changes in other serum cations
(sodium, potassium) and phosphorus
Significant recovery on withdrawal of NaF

Effects

Verma and
Guna
Sherlin
2002b

Ekambaram
and Paul
2001

Hotchkiss et
al. 1998

Dunipace et
al. 1998

Reference

418

Exposure
Conditions
Drinking
water to dams
and then to
weanling
pups
Some groups
with calcium
deficient diet
(dams and
pups)

Concentration or
Dosea
50 mg/L
(5 mg/kg/day)b
Exposure Duration
Day 11 of gestation
through 9 weeks old;
continued until 15
weeks old with
restored calcium, low
fluoride, or both

Effects
Reference
Decreased serum calcium, increased serum Tiwari et al.
alkaline phosphatase, increased
2004
concentrations of vitamin D metabolites
(both 25(OH)D3 and 1,25(OH)2D3)
Decreased transcription of genes for vitamin
D receptor and calbindin D 9 k; increased
transcription of calcium-sensing receptor
gene
Continued fluoride excess even with calcium
supplementation continued to be
detrimental.
PTH not measured

b

Information in brackets was calculated from information given in the papers or as otherwise noted.
Based on water consumption of about 10% of body weight.
c
Based on water consumption of about 10% of body weight and feed consumption of about 8% of body weight; ATSDR (2003) gives a fluoride dose of 3.3
mg/kg (presumably per day) for these animals.
d
Choice of doses based on a therapeutic dose of NaF (1 mg/kg/day) and a toxic dose of fluoride (5 mg/kg/day) (Chavassieux et al. 1991).
e
Based on average daily water consumption of 163 mL, mean initial weight of 1.55 kg, and mean final weight of 2.33 kg for the fluoride-treated group.
f
The dose was selected to produce toxic effects in a short time, without lethality (Ekambaram and Paul 2001).
g
In many mammalian species, maternal fluoride exposures are not well reflected by fluoride concentrations in milk; therefore, the impacts of fetal exposure and
of reduced milk production by the mothers must also be considered.

a

Species and Strain
Rats (Sprague Dawley
weanlings)

TABLE E-11 Continued
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France, 21 surgery patients (12 males and Enflurane
anesthesia
9 females; ages 20-60 years)
Experimental study; subjects had
orthopedic (16), opthalmologic (3), or
plastic (2) surgery; study excluded
patients who were obese, had altered
renal function or previously recognized
diseases, or received blood transfusions
or undescribed medications; initial values
used as controls

Study Population(s) and Type
Denmark, 14 normal subjects (5 fasting,
9 nonfasting, ages 22-38 years)
Experimental study

Exposure
Conditions
Oral dose of
NaF
Effects
Decreased serum calcium and
phosphorus; increased immunoreactive
PTH.
Measured serum fluoride peak 0.8-0.9
mg/L.
Uncertainty as to peak fluoride and PTH,
minimum Ca and phosphorus
concentrations.
No differences between fasting and
nonfasting subjects except for a higher
increase in serum fluoride concentration
in fasting subjects.
Not available
Variations in phosphorus clearance
60-165 min. (mean, 95.5 ± suggestive of a transitory hypersecretion
26 minutes)
of PTH; initial fall in serum calcium,
return to preoperative concentration after
24 hours (variations in calcium balance
were not highly significant).
PTH not measured.
Maximum serum inorganic fluoride:
0.12 mg/L (versus 0.039 mg/L in
controls).

Concentration or Dosea
and Exposure Duration
27 mg of fluoride (60 mg
NaF) [0.4 mg/kg]b
Single dose
Measurements made at 1,
2, 3, and 24 hours

TABLE E-12 Effects of Fluoride on Parathyroid Function in Humans (Clinical, Occupational, and Population Studies)

Duchassaing
et al. 1982

Reference
Larsen et al.
1978
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Exposure
Study Population(s)
Conditions
Oral sodium
The Netherlands, 91 osteoporosis
fluoride
patients (61 females, 30 males; mean
ages by type of treatment were 57.6-67.3 (capsules,
enteric coated
years)
tablets, or
Clinical therapeutic trial; non-blinded;
enteric coated,
subjects had osteoporosis with one or
slow release
more vertebral fractures before
tablets)
participation in the study, had normal
concentrations for serum creatinine and Calcium
supplementation
liver enzymes, were treated as
outpatients, were mobile and advised to of 1,000 mg/day
exercise; pretreatment values used as
controls
England (7 healthy males; ages 24-43
Oral NaF tablets
years)
Calcium intakes
Experimental study
400-800 mg/day

TABLE E-12 Continued

27 mg/day (NaF, 60
mg/day)
[fluoride, 0.39 mg/kg/day]b
3 weeks, followed up 6
weeks later

Concentration or Dosea
and Exposure Duration
Mean fluoride dosages by
group between 18 and 36
mg/day (NaF, 40-80
mg/day) [fluoride, 0.57-1.1
mg/kg/day]b
2 years

No significant changes in plasma alkaline Dandona et
al. 1988
phosphatase, 25-hydroxy vitamin D,
PTH, total and ionized calcium,
phosphorus, or albumin.
Significant increase in serum osteocalcin.
PTH elevated slightly but not
significantly (50 ± 17.6 pM/L after
versus 43 ± 5.3 pM/L before); large
standard deviation indicates variable
response (not seen with other
parameters).

Effects
Reference
Duursma et
Patients divided into “responders” and
al. 1987
“nonresponders” (NR) by (1) degree of
increase in serum alkaline phosphatase
concentration (20% NR); (2) changes in
bone mineral content (26% NR); (3)
occurrence of femoral neck fracture
(6.6% NR).
Patients with a fracture had lower serum
alkaline phosphatase changes and higher
increases in PTH.
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England, osteoporosis patients (22
controls; 2 males and 20 females, mean
age 67 ± 8 years, range 51-83 years; 18
treated patients, 5 males and 13 females,
mean age 61 ± 12 years, range 41-78
years; 10 patients were common to both
groups [before and after treatment]; 8
females were on hormone replacement
therapy)
Experimental study; longitudinal for 10
patients

Study Population(s)
England, osteoporosis patients (34
females aged 49-74 years; 7 males aged
45-69 years; all with postmenopausal or
idiopathic osteoporosis; all had normal
renal function; 6 females were on
hormone replacement therapy)
Experimental study

TABLE E-12 Continued
Concentration or Dosea
and Exposure Duration
27 mg/day (NaF, 60
mg/day)
[fluoride, 0.39 mg/kg/day]b
8 days

Effects
Decreased serum calcium (total and
ionized); decreased serum phosphorus;
increased concentrations of biologically
active PTH (more than 5-fold); major
changes occurred within 48 hours, some
return toward normal after that.
Patients divided into 2 groups by stability
of serum calcium and phosphorus
concentrations; the groups varied in their
response to NaF with respect to mineral
absorption and balance.
27 mg/day (NaF, 60
NaF orally in
Increased concentrations of biologically
gelatin capsules mg/day)
active PTH (bio-PTH) in treated group
[fluoride, 0.39 mg/kg/day]b (log-transformed means, 10.6 versus 2.5
Calcium
supplementation 15 ± 10 months
pg/mL; ranges, 1.6-126 versus 0.25-10.9
was started prior
pg/mL).
to study
Significantly higher serum alkaline
phosphatase (SAP) in treated group.
Fluoride-treated patients with elevated
concentrations of bio-PTH (> 18 pg/mL)
had significantly lower concentrations of
SAP than other treated patients,
indistinguishable from controls; elevated
bio-PTH also associated with relative
hypophosphatemia and relative
hypocalciuria; possibly excessive PTH
accounts for “refractory” state of some
patients—nonresponsiveness to fluoride
therapy.

Exposure
Conditions
NaF orally in
gelatin capsules
Calcium
supplementation
was started at
least 6 weeks
(median, 20
weeks) prior to
study

Stamp et al.
1990

Reference
Stamp et al.
1988
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Study Population(s)
U.S., female osteoporosis patients
(patients with previous history of
hyperparathyroidism and several other
conditions were excluded)
Initial recruitment included 203 in-state
patients from previous fluoride trials and
95 controls who had not taken fluoride;
of these, 40 fluoride patients and 43
controls were scheduled for
appointments; 15 fluoride patients were
no longer taking fluoride or failed the
appointments; 5 controls failed the
appointments; final study included 25
fluoride patients and 38 controls (mean
ages, 70.1 for fluoride group, 69.5 for
controls)
Cross-sectional study; fluoride-treated
patients and non-treated controls
recruited from database of osteoporosis
patients of one investigator; fasting
samples; analyses of drinking water,
blood, and urine performed blindly;
results reported as means of groups and
as number outside the normal range for
the parameter; urine and plasma fluoride
were clearly different between groups; no
significant difference in mean water
fluoride concentrations
See also Table E-17

TABLE E-12 Continued
Exposure
Conditions
Slow-release
sodium
monofluorophosphate plus
calcium
carbonate at
1,500 mg/day
Most controls (n
= 38) had
calcium
supplementation

Concentration or Dosea
and Exposure Duration
23 mg/day (mean dose)
[fluoride, 0.33 mg/kg/day]b
1.4-12.6 years (mean, 4.2
years)

Reference

No significant difference in mean
Jackson et
calcium concentrations between groups; al. 1994
2 of 25 individuals outside normal range
(versus 0 of 38 controls).
Significant difference (elevation) in mean
alkaline phosphatase concentrations
between groups; 8 of 25 individuals
outside normal range (versus 0 of 38
controls); for those 8, a significant
elevation in bone isoenzymes was found.
For 24 of the 25 patients, calcium was
significantly lower than baseline
(pretreatment) values and alkaline
phosphatase was significantly higher.
PTH not measured.
Urine fluoride (mg/L, mean and SD):
fluoride group, 9,7 (4.1); controls, 0.8
(0.5); plasma fluoride (mg/L, mean and
SD)c: fluoride group, 0.17 (0.068);
controls, 0.019 (0.0076)

Effects
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Study Population(s)
China, healthy adults (approximately 120
per group, with either normal or
inadequate nutritional intakes; mean ages
of groups, 44.9-47.7 years)
Cross-sectional cohort study; subjects
grouped by location (water fluoride
concentration) and nutritional status;
populations generally similar (e.g.,
socially and economically); estimated
fluoride intakes and measurements of
urine and plasma fluoride and other
parameters were made for individuals but
results reported only for groups; probable
overlap between low (< 0.3 mg/L) and
middle (around 1 mg/L) fluoride
exposure groups for each nutritional
category; no mention of whether analyses
were performed blindly
See also Table E-17

TABLE E-12 Continued
Exposure
Conditions
Drinking water
Normal
nutrition defined
as > 75 g of
protein and
>600 mg of Ca
per day
Inadequate
nutrition defined
as <60 g of
protein and
<400 mg of Ca
per day

Concentration or Dosea
and Exposure Duration
0.23, 1.02, and 5.03 mg/L
(normal nutrition)
0.11, 0.90, and 4.75 mg/L
(inadequate nutrition)
Estimated intakes: 1.70,
3.49, and 14.8 mg/day
(normal nutrition); 1.20,
2.64, 15.32 mg/day
(inadequate nutrition)
At least 35 years of
continuous residency in the
study area
Effects
Reference
Significant decrease in plasma calcium
Li et al.
concentration associated with an increase 1995
in fluoride exposure in the populations
with inadequate nutrition; not detected in
subjects with normal nutrition.
Elevated alkaline phosphatase activity
with increased fluoride exposure in all
populations, with higher values in
subjects with inadequate nutrition.
All valuesd within the normal range
regardless of fluoride exposure and
nutritional condition.
PTH concentrations not measured.
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U.S., 199 adult volunteers (mean ages of
groups, 62.3, 58.6, 57.2 years)
Ecological study; cross-sectional;
subjects grouped by location (water
fluoride concentration); subjects not
randomly selected; nonfasting samples;
urine and plasma fluoride concentrations
significantly different for groups; study
parameters reported by groups; no
information on whether analyses were
performed blindly
See also Table E-17

Study Population(s)
U.S., osteoporosis patients (Group I,
“good responders,” 13 postmenopausal
females and 3 males; Group II, “poor
responders,” 7 postmenopausal females
and 3 males; Group III, untreated
controls, 10 age-matched
postmenopausal females)
Cross-sectional study of fluoride-treated
osteoporosis patients; non-fluoridetreated osteoporosis patients as controls

TABLE E-12 Continued
Concentration or Dosea
and Exposure Duration
30.6 ± 6.6 mg/day (range,
17.4-40.0 mg/day)
[0.44 ± 0.9 mg/kg/day;
range, 0.25-0.57
mg/kg/day]b
32 ± 19 months (range, 1389 months)

0.2, 1.0, 4.0 mg/L
[0.003, 0.01, 0.06
mg/kg/day]b
At least 30 years of
continuous residency in
their communities

Exposure
Conditions
Oral doses of
NaF or sodium
monofluorophosphate
Calcium intake
at least 1,500
mg/day

Drinking water,
natural fluoride
Dietary calcium
and calcium
concentrations
in drinking
water were not
discussed

Effects
Patients who showed a rapid increase in
spinal bone density also showed a
general state of calcium deficiency and
secondary hyperparathyroidism.
Serum PTH elevated in 4 “good
responders” and 1 “poor responder” but
no controls; all 5 with elevated PTH were
calcium deficient; mean PTH
concentrations were similar for all 3
groups.
Degree of calcium deficiency in fluoridetreated patients was proportional to
serum concentrations of PTH, alkaline
phosphatase, procollagen peptide, and
osteocalcin and to urine hydroxyproline
concentrations.
Fluoride therapy can cause calcium
deficiency, even in patients with a high
calcium intake; osteogenic response to
fluoride can increase the skeletal
requirement for calcium.
Some differences in mean plasma
calcium and phosphorus concentrations
among groups were statistically
significant (lower calcium at 0.2 mg/L
than 1.0 or 4.0; higher phosphorus at 4.0
mg/L than 0.2 or 1.0); no significant
differences among mean alkaline
phosphatase concentrations; all mean
values were within normal ranges.
PTH not measured.

Jackson et
al. 1997

Reference
Dure-Smith
et al. 1996
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Exposure
Conditions
Oral doses of
slow-release
NaF
Both groups
given calcium at
800 mg/day as
calcium citrate

Concentration or Dosea
and Exposure Duration
23 mg/day (NaF, 50
mg/day)
[approximate fluoride
dose, 0.33 mg/kg/day]b
2 cycles of 12 months of
treatment, 2 months off;
analyses at 0, 6, 12, and 14
months for each cycle
Calcium supplemented
continuously throughout
Not available
Effects
No significant changes in most
parameters.
Decrease in immunoreactive PTH from
beginning values (due to increased
calcium intake); fluoride-treated group
slightly and consistently (but not
significantly) higher than placebo group.
Decrease in serum 1,25-dihydroxy
vitamin D in placebo group but not in
fluoride-treated group.
Elevated concentrations of serum
calcitonin and PTH.

b

Information in brackets was calculated from information given in the papers or as otherwise noted.
Based on 70-kg body weight.
c
Reported as 9.0 (3.6) µmol/L for the fluoride group and 1.0 (0.4) µmol/L for the controls.
d
Not stated whether this refers to mean values or all individual values.

a

China, 50 male fluoride workers and 50 Occupational
controls
exposure
Occupational cohort study; crosssectional; measurements of fluoride in
serum and urine; full details not available

Study Population(s)
U.S., 75 osteoporosis patients (36 with
placebo and 39 with fluoride)
Placebo-controlled therapeutic study;
subjects randomly assigned to treatment
groups; no information on whether
analyses were performed blindly

TABLE E-12 Continued

Huang et al.
2002

Reference
Zerwekh et
al. 1997b
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United States, 18-year-old boy, 57.4
kg, with renal insufficiency
Case report
See also Table 2-3

Study Population(s)
India, 25 cases of skeletal fluorosis
(21 males, 4 females, aged 30-76,
with radiologically proved skeletal
fluorosis)
25 adult controls (19 males, 6
females, aged 25-75, not from
endemic fluorosis area, and with no
evidence of enamel or skeletal
fluorosis or of bone or renal disease)
Case-control study

Concentration or Dosea and
Exposure Duration
Not given
Probably lifelong

2.6 mg/L
[0.34 mg/kg/day]
Since early childhood

Exposure
Conditions
Drinking water
(endemic
fluorosis areas)

“High” intake of
well water
containing
fluoride; current
intake, 7.6 L/day
(2 gallons per
day)

Effects
No significant differences between
cases and controls in serum calcium,
serum inorganic phosphate,
phosphate clearance, or 24-hour
urinary calcium excretion (the latter
either on a normal diet or on days 46 of a low-calcium diet); mean
phosphate clearance was reduced,
but not significantly.
Significantly higher serum alkaline
phosphatase values in individuals
with fluorosis.
No measurements of PTH.
Elevated serum immunoreactive
PTH (more than 3 times normal
value), slightly elevated serum
calcium.
Enamel fluorosis and
roentgenographic bone changes
consistent with “systemic
fluorosis.”b

TABLE E-13 Effects of Fluoride on Parathyroid Function in Humans (Studies of Endemic Fluorosis Patients)

Juncos and
Donadio
1972

Reference
Singh et al.
1966
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Exposure
Study Population(s)
Conditions
Drinking water
India, 20 patients with skeletal
(endemic
fluorosis (17 males, 3 females, age
fluorosis areas)
42-68 years)
Dietary calcium
Detailed studies on 5 of these
patients (all males, age 42-60 years, and vitamin D
duration of symptoms 5-11 years, no considered
adequate
evidence of renal disease or
intestinal malabsorption)
Case reports; individual
measurements of plasma and urine
parameters and bone samples;
comparison with values obtained
from persons in nonfluorotic areas

TABLE E-13 Continued
Concentration or Dosea and
Exposure Duration
> 25 mg/day
[> 0.4 mg/kg/day]c
Lifelong
Effects
Clear evidence of secondary
hyperparathyroidism in the 5 patients
studied in detail; radiological
findings consistent with
hyperparathyroidism.
Increased plasma alkaline
phosphatase, increased phosphate
clearance, decreased tubular
reabsorption of phosphate, increased
urinary fluoride, decreased urinary
calcium.
Normal plasma calcium and
phosphate in 4 persons; elevated
plasma calcium and decreased
plasma phosphate in 1 person.
Elevated serum immunoreactive
PTH in all 5, especially in the person
with elevated plasma calcium and
decreased plasma phosphate (a
parathyroid adenoma was later found
in that individual, possibly
attributable to long-standing
hyperplasia as a result of excessive
fluoride intake).
Excess calcium and fluoride in bone
in all 5 (11.8-13.2 versus 10.8 g of
calcium per 100 g of dry fat-free
bone ash; 265-585 versus 30 mg of
fluoride per 100 g of dry fat-free
bone ash).
Urinary fluoride: 3.0-4.8 mg/L/day.

Reference
Teotia and
Teotia
1973
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Exposure
Study Population(s)
Conditions
Drinking water,
India, 9 patients with moderate to
severe skeletal fluorosis (6 males, 3 area with
endemic skeletal
females, mean age 29 years)
5 controls (3 males, 2 females; mean fluorosis
2 persons had
age 31 years)
moved to nonCase-control study; individual
estimates of current fluoride intake, endemic areas 5
or 2 years
measurements of fasting plasma
previously
fluoride and urinary fluoride;
incomplete information on selection
of subjects and controls
See also Tables E-4, E-9, and E-10

TABLE E-13 Continued
Concentration or Dosea and
Exposure Duration
A) 8.7-9.2 mg/day for 3 persons
(7.8-8.0 mg/L in water) [0.145-0.15
mg/kg/day]d
B) 21.0-52.0 mg/day for 4 persons
(24.5-25.0 mg/L in water) [0.35-0.87
mg/kg/day]d
C) 2.5 and 3.8 mg/day for 2 persons
(0.8 and 1.8 mg/L in water) [0.040.06 mg/kg/day]d
D) 1.2-2.2 mg/day for 5 controls
(0.7-1.0 mg/L in water) [0.02-0.04
mg/kg/day]d
Since birth
Symptomatic for 10-15 years

Effects
Reference
Increased PTH concentrations: A, 1 Teotia et
al. 1978
of 3; B, 3 of 4 [4 of 6 individuals
with plasma fluoride ≥ 0.15 mg/L
(7.8 µmol/L)].
Radiographs of 2 of the 4 persons
were consistent with secondary
hyperparathyroidism.
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Study Population(s)
India, 4 siblings (aged 8-18; 2 males,
2 females) and their mother (age 40),
all with skeletal fluorosis
Case reports; individual estimates of
fluoride intake from water,
measurements of serum fluoride and
other parameters; age-matched
Indian controls

TABLE E-13 Continued
Exposure
Conditions
Drinking water
source, 16.2 mg/L
Calcium intakes
considered
normal (500-820
mg/day)

Concentration or Dosea and
Exposure Duration
16-49 mg/day from water, plus any
contribution from food
[0.5 mg/kg/day for the younger
children; 0.5-1 mg/kg/day for the
older children and mother]e
Symptomatic for at least 2 years

Effects
Reference
Srivastava
Normal total and ionized calcium
et al. 1989
concentrations; normal vitamin D
concentrations in children;
subnormal total and ionized calcium
and subnormal vitamin D in the
mother.
Significantly elevated PTH, elevated
osteocalcin, and elevated alkaline
phosphatase in all 5.
Findings consistent with secondary
hyperparathyroidism.
Skeletal changes, biochemical
hyperparathyroidism, and elevated
osteocalcin were similar in all 5,
regardless of nutritional status (low
in calories and protein for the
mother, more nearly adequate for the
children) and vitamin D status.
Serum fluoride: 0.29-0.45 mg/L in
the children (not measured in the
mother).
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Study Population(s)
South Africa (260 children, 119
boys, 141 girls; ages 6-16, in an area
with endemic skeletal fluorosis)
9 children (8 boys, 1 girl) studied
individually; mean age, 13.7 ± 4.4
years; from the same area
Prevalence (cross-sectional) study
with ecologic measure of exposure;
random selection of participants
Case reports of 9 hospitalized
individuals

TABLE E-13 Continued
Exposure
Conditions
Drinking water

Concentration or Dosea and
Exposure Duration
8-12 mg/L
[0.2-1.2 mg/kg/day]f
Probably lifelong for most
For the 9 children, at least 8 years

Effects
Reference
Hypocalcemia present in 23% of the Pettifor et
children; hypophosphatemia in 15%; al. 1989
elevated alkaline phosphatase in
about 25%.
Normal serum 25(OH)D
concentrations in the 40 children in
whom it was measured.
Hypocalcemia in 6 of 9 studied
individually; low concentrations of
25(OH)D in 2; elevated 1,25(OH)2D
in 7.
Bone fluoride elevated about 10-fold
in the 7 children measured: 4,4306,790 ppm in ash, mean 5,580 ppm
in ash.
Reduced phosphaturic response
during a PTH-stimulation test
(suggestive of
pseudohypoparathyroidism Type II),
directly related to presence of
hypocalcemia, corrected by
correcting the hypocalcemia.
PTH concentrations not measured.
Severe hyperosteoidosis associated
with secondary hyperparathyroidism
and a mineralization defect.
Fluoride ingestion may increase
calcium requirements and exacerbate
the prevalence of hypocalcemia.
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India, children aged 6-12 in four
regions (18-30 kg, 50 children per
village)
Cross-sectional cohort study;
random selection of subjects;
subjects grouped by location (water
fluoride concentration); individual
estimates of fluoride intake,
measurements of serum and urinary
fluoride, other end points; results
reported by group
See also Table E-14

Study Population(s)
Review of epidemiological studies
from 1963-1997 (45,725 children)
See also Table E-9

TABLE E-13 Continued
Concentration or Dosea and
Exposure Duration
1.5-25 mg/L
Since birth

Effects
High plasma fluoride, alkaline
phosphatase, osteocalcin, PTH, and
1,25(OH2)D3; normal or elevated
plasma calcitonin; normal plasma
calcium, magnesium, phosphorus,
and 25-(OH)D.
Combination of fluoride exposure
and calcium deficiency led to more
severe effects of fluoride, metabolic
bone diseases, and bone deformities.
Toxic effects of fluoride occur at a
lower concentration of fluoride
intake (>2.5 mg/day) when there is a
calcium deficiency; fluoride
exaggerates the metabolic effects of
calcium deficiency on bone.
2.4, 4.6, 5.6, and 13.5 mg/L
Drinking water
Serum calcium concentrations within
[0.25-0.41, 0.40-0.67, 0.48-0.80, and normal range for all groups; serum
Calcium intake
1.1-1.8 mg/kg/day]g
considered
PTH concentrations elevated in two
adequate (S.K.
Lifelong
highest groups; serum PTH
Gupta, Satellite
correlated with fluoride intake and
Hospital,
with severity of clinical and skeletal
Banipark, Jaipur,
fluorosis.
personal
communication,
December 11,
2003)

Exposure
Conditions
Drinking water
Comparison of
groups with
adequate (> 800
mg/day) and
inadequate (< 300
mg/day) dietary
calcium intake

Gupta et al.
2001

Reference
Teotia et
al. 1998
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Exposure
Conditions
Drinking water
“8.4 times above
the normal”

Concentration or Dosea and
Exposure Duration
Chronic
Effects
Fluorosis, leading to secondary
hyperparathyroidism manifesting as
osteomalacia and a resorptive cavity
in the head and neck of the femur;
low serum calcium, elevated serum
alkaline phosphatase; serum and
urine fluoride “86 and 63 times
above the normal”

b

Information in brackets was calculated from information given in the papers or as otherwise noted.
Juncos and Donadio (1972) described two patients with renal insufficiency and systemic fluorosis; PTH was not reported for the second patient.
c
Based on consumption of 2 L of drinking water per day by a 60-kg adult.
d
Based on 60-kg body weight.
e
Based on 30- to 35-kg body weight for the younger children and 50- to 60-kg weight for the older children and mother.
f
Based on consumption of 1-2 L of drinking water per day by a 20-to 40-kg child.
g
Based on mean intakes (mg/day) for 18-to 30-kg children.
Abbreviations: 25(OH)D, 25-hydroxy vitamin D; 1,25(OH)2D, 1,25-dihydroxy vitamin D.

a

Study Population(s)
India, 1 adult female
Case report

TABLE E-13 Continued
Reference
Chadha
and Kumar
2004
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11.97 (1.8)
14.45 (3.19)
32.56 (9.33)

4.6
5.6
13.6

1.10 (0.58)
1.10 (0.17)
1.07 (0.17)

Serum
Fluoride,
mg/L
0.79 (0.21)
Serum
Calcium,
mg/dL
9.23 (1.89)
IPTHc, pM/L
31.64 (2.82)

15.9 (9.98) 10.75 (1.66) 40.98 (26.9)
17.78 (7.77) 9.68 (0.99) 75.07 (31.75)
14.56 (7.88) 10.39 (1.44) 125.10 (131.14)

Urinary
Fluoride,
mg/L
9.45 (4.11)
1.73 (1.09)
2.44 (1.32)
3.43 (1.70)

Enamel
Fluorosis
Scored
2.71 (1.09)
1.00 (0.00)
1.00 (0.00)
1.51 (0.51)

Clinical
Fluorosise
0.95 (0.22)

0.50 (0.61)
0.79 (0.91)
0.95 (1.12)

Skeletal
Fluorosisf
0.68 (0.67)

b

Mean (standard deviation) of 50 children per village, ages 6-12, body weight 18-30 kg.
Total from food and water.
c
PTH, midmolecule fragment; normal range, 48.1 ± 11.9 pM/L.
d
Grading of enamel fluorosis: 0, normal; 0.5 questionable fluorosis; 1, very mild fluorosis; 2, mild fluorosis; 3, moderate fluorosis; 4 severe fluorosis (defined in
more detail by Gupta et al. 2001).
e
Clinical (nonskeletal) fluorosis grading: 1, mild; 2, moderate; 3, severe (defined in more detail by Gupta et al. 2001).
f
Skeletal (radiological) fluorosis grading: 1, mild; 2, moderate; 3, severe (defined in more detail by Gupta et al. 2001).
Source: Gupta et al. 2001. Reprinted with permission; copyright 2001, Indian Pediatrics.

a

Village
Ramsagar ki
Dhani
Rampura
Shivdaspura
Raipuria

Fluoride
Intake,
mg/dayb
7.35 (1.72)

Fluoride in
Drinking
Water, mg/L
2.4

TABLE E-14 Summary of Selected Findings for Children in Four Villagesa
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Humans (female; Fluoride in
drinking water
233 in
Newburgh, NY;
172 in Kingston,
NY)
Ecologic study;
most of the
eligible children
in both cities;
nonblinded

Exposure
Conditions
Mongolian gerbil Fluoride in feed
(primarily); oral
(Meriones
administration
unguiculatus;
of fluoride
males and
through 24 days
females, from
for high-fluoride
birth)
group

Species

Newburgh, 1.2 mg/L
[0.01-0.2 mg/kg/day]d
Kingston, “essentially
fluoride-free”
[0.001-0.02 mg/kg/day]e

Concentration or Dosea
Low-fluoride group, 7
mg/kgfeed after age 24 days
[0.7 mg/kg/day]b
High-fluoride group, 2.3
mg/kg/day orally, 5
days/week through age 24
days; 37 mg/kgfeed
thereafter
[3.7 mg/kg/day]b,c
Effects
Altered rhythms and peaks of
melatonin production; significantly
lower pineal melatonin production
in prepubescent gerbils in highfluoride than in low-fluoride group.
Sexual maturation in females
occurred earlier in high-fluoride
group (79% versus 42% showing
vaginal opening at 7 weeks and
70% versus 16% showing
differentiated ventral glands at 11.5
weeks).
Lower testicular weight at 16 weeks
in males.
At 28 weeks, fluoride concentration
in trabecular bone ash was 600-700
mg/kg in low-fluoride animals and
2,800 mg/kg in high-fluoride
animals.
Up to 10 years (ages 7-18 at Average age at menarche 12 years
in Newburgh, versus 12 years 5
time of study; ages at
months in Kingston; described as
beginning of exposure
not statistically significant.
varied from prenatal to 9
At time of study, 35.2% in
years)
Newburgh and 35.0% in Kingston
were past menarche (adjusted for
age distribution).
Distributions of actual menarcheal
age not available.
Girls exposed since birth or before
had not yet reached menarche.

Exposure Duration
Birth through 28 weeks
24-hour urinary 6sulfatoxymelatonin
measured at 7, 9, 11.5, 16,
28 weeks

TABLE E-15 Effects of Fluoride on Pineal Function in Animal and Human Studies

Schlesinger
et al. 1956

Reference
Luke 1997
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Concentration or Dosea
Kunszentmárton, 1.09
mg/L
Kiskunmajsa, 0.17 mg/L
[0.01-0.2 mg/kg/day
versus 0.001-0.02
mg/kg/day]f
Exposure Duration
Lifelong

Effects
Reference
Farkas et al.
Median value of menarcheal age;
1983
12.779 years in Kunszentmárton
and 12.79 years in Kiskunmajsa;
distributions of actual menarcheal
age not available.
Distributions of the frequency of
girls having reached menarche by
the time of the study show, for most
age groups below 15 years, higher
likelihood of having reached
menarche for Kunszentmárton than
for Kiskunmajsa (data were not
adjusted for different age
distributions in the two towns).
Of those reporting having reached
menarche by the time of the study
(159 in Kunszentmárton and 270 in
Kiskunmajsa), the youngest were
10 (1 girl), 11 (2 girls), and 11.5 (6
girls) in Kunszentmárton (8.0% of
the total in the 10-11.5 age groups,
5.7% of all postmenarcheal girls)
and 11.5 (5 girls) in Kiskunmajsa
(4.7% of the total in the 10-11.5 age
groups, 1.9% of all postmenarcheal
girls).

b

Information in brackets was calculated from information given in the papers or as otherwise noted.
Based on estimated feed consumption of about 10% of body weight per day.
c
High-fluoride group was given 50 mg/L in drinking water during 24-hour metabolism studies when usual feed was not given.
d
Estimated fluoride intakes based on ranges of weight and water consumption for children aged 0-18 and fluoride concentration of 1.2 mg/L in drinking water;
higher fluoride intakes are associated with the smallest children or the highest water intakes. Some individual intakes could have been lower or higher than the
range shown.
e
Estimated as a factor of 10 lower than for a fluoride concentration of 1.2 mg/L. Some individual intakes could have been lower or higher than the range shown.
f
Ranges assumed to be close to those given for Schlesinger et al. (1956) above. Some individual intakes could have been lower or higher than the ranges shown.

a

Exposure
Conditions
Humans (female; Fluoride in
drinking water
337 in
Kunszentmárton (probably
natural fluoride)
and 467 in
Kiskunmajsa,
ages 10-19.5 at
time of study)
Ecologic study;
probably
included most of
the eligible
children in both
cities; nonblinded

Species

TABLE E-15 Continued
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Exposure
Conditions
Intravenous

Rats (Wistar)
See also Table E-1

Rats (Hebrew
University albino,
males; infants at
start, 30-32 g)
See also Table E-l
Rats (SpragueDawley, males,
325-350 g)
6 mg/kg/hour

Intravenous

3 hours

Gedalia et al.
1960

Ogilvie 1953

Reference
Stormont et
al. 1931

Depression of glucose utilization, measured in Dost et al.
1977
terms of the output of 14CO2; serum glucose
was not measured but presumably was
elevated in accordance with decreased
utilization.
Hara 1980
Decrease in pituitary weight in animals
receiving 200 mg/L in drinking water.
Decreased TSH and growth hormone in
animals receiving 100 or 200 mg/L in drinking
water.
Full details not available.

Effects
Adrenal weights averaged 20% greater than in
controls.
Body weight increase was 17% lower than in
controls.
Acute: 7 of 10 survived, 6 were analyzed (1
Acute, 15
“exhibited such bizarre overall changes” that it
days
Chronic, 100 was omitted from the study).
Chronic: 5 of 10 survived.
days
Increased adrenal weight (about 30%) in both
groups; enlarged adrenal cortex; normal
cortical and medullary cytology.
Increased width of connective tissue and
increased mitotic activity in pancreases of
most animals.
9 months
No histological changes or weight differences
in adrenals or pancreases; increase in pituitary
weight (not significant for 1 mg/L, significant
for 10 mg/L).

Exposure
Duration
2 months

Drinking water and Water: 0, 1, 5, 10, 50,
54-58 days
diet
100, or 200 mg/L
Diet: 0.31 or 34.5 ppm
[0, 0.1, 0.5, 1, 5, 10, or
20 mg/kg/day from water
and 0.025 or 2.8
mg/kg/day from feed]d

0.55, 1, or 10 mg/L
[0.055, 0.1, and 1
mg/kg/day]c

Acute, 406.47 mg, NaF
total
[average dose, 68
mg/kg/day]b
Chronic, 1131.65 mg of
NaF total
[average dose, 18
mg/kg/day]b

Concentration or Dosea
3 mg/kg/day

Drinking water

Rats (Long-Evans; Intraperitoneal
2 groups, each with (controls injected
10 experimental and with NaCl)
5 control; age 49 or
52 days at start,
160-180 g)

Rabbits (young
adult)

Species and Strain

TABLE E-16 Effects of Fluoride on Other Endocrine Organs in Experimental Animals

437

Rats (inbred strain
IIM, females, 180220 g)

Effects
Elevated serum glucose and enhanced glucose6-phosphate dehydrogenase (G6PD) activities
in liver and kidney; attributed to stimulation of
adrenal function, both medullary and cortical;
changes in glucose concentrations and G6PD
activities suppressed by adrenalectomy but not
by thyroid-parathyroidectomy.
Single dose, Immediate fall in insulin concentrations (to
after fasting 50% of basal concentration after 15 minutes)
for 24 hours and consequent increase in glycemia (peak at
about 1 1/2 hours), returned to normal in 4-5
hours.
Decreased insulin response to glucose
challenge when fluoride administered 15
minutes before glucose challenge (versus
together with or immediately after).
Appeared to be direct effect on insulin
secretion, not on insulin receptors;
hypoglycemic response to exogenous insulin
was not impaired by pretreatment with
fluoride.
Plasma fluoride: 0.1-0.3 mg/L (5-15 µmol/L).

Exposure
Concentration or Dosea Duration
15.8 mg/kg (35 mg/kg of Single dose
NaF)

Oral administration 7.6 mg/kg
of NaF by gastric
tube

Exposure
Conditions
Rats (Wistar albino, Intraperitoneal
males, 95-105 g)
(controls injected
with NaCl)

Species and Strain

TABLE E-16 Continued

Rigalli et al.
1990

Reference
Suketa et al.
1985
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Exposure
Conditions
Drinking water
(NaF)

Rats (female, IIM
line, age 21 days at
start)

Drinking water
(NaF)

Drinking water
Rats (SpragueDawley, male, 4050 g weanlings at
start, 68-77 animals
per group)

Rats (female, IIM
line, age 21 days at
start)

Species and Strain

TABLE E-16 Continued

5, 15, or 50 mg/L
[0.26-0.45, 0.69-1.31,
and 2.08-3.46
mg/kg/day] (changing
with increasing body
weight)
95 mg/L (5 mmol/L)
[10 mg/kg/day]c

Concentration or Dosea
95 mg/L (5 mmol/L)
[10 mg/kg/day]c

3 months

3, 6, 12, or
18 months

Exposure
Duration
100 days

Dunipace et
al. 1995

Reference
Rigalli et al.
1992

Abnormal glucose tolerance tests when plasma Rigalli et al.
1995
diffusible fluoride exceeds 0.1 mg/L (5
µmol/L)
Effects on glucose homeostasis not seen with
equivalent (5 mmol/L) amount of sodium
monofluorophosphate (MFP); plasma
diffusable fluoride always below 0.04 mg/L (2
µmol/L); protein-bound MFP did not affect
glucose homeostasis

Effects
Subtle disturbance of glucose tolerance as
shown by glucose tolerance tests, associated
with period of elevated fluoride concentrations
in plasma and soft tissue (deterioration of
glucose tolerance for about 50 days and then
normalization by 100 days, when maximum
bone mass was achieved and plasma fluoride
returned to normal concentrations)
Bone mass higher 6-12% greater in fluoridetreated animals (depending on portion of
skeleton considered)
Bone fluoride (ppm in ash): controls, 1,1601,410; treated, 6,880-8,550 (depending on
portion of skeleton considered)
“No significant effect” on fasting plasma
glucose concentrations; specific data by
treatment group not reported
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Exposure
Conditions
Drinking water
Rats (Zucker,
males, normal and (NaF)
fatty diabetic, age- (minimal
contribution from
matched, 8 weeks
old at start of study, feed)
initial weights 282 g
for controls and 351
g for diabetics)

Species and Strain

TABLE E-16 Continued
Exposure
Concentration or Dosea Duration
0, 5, 15, or 50 mg/L in
3 or 6
drinking water
months
(<1.2 ppm in feed)
[Control: 0.05, 0.31,
0.85, and 2.8 mg/kg/day
Diabetic: 0.09, 2.0, 6.0,
and 15.5 mg/kg/day]e
Reported doses for
control rats (mg/kg/day):
0.33 for 5 mg/L and 3.04
or 50 mg/L; for diabetic
rats, 1.99 for 5 mg/L and
16.26 for 50 mg/L

Reference

Water intake and fluoride intake approximately 6
Dunipace et
times higher in diabetics than in controls for a
al. 1996
given fluoride concentration; fluoride absorption
about 75% in diabetics versus 63% in controls;
fluoride retention about 40% (39-42%) in diabetics
versus increasing with fluoride dose (27-45%) in
controls.
Plasma and tissue fluoride concentrations increased
with fluoride dose, significantly higher for diabetics
than for controls.
Plasma fluoride (mg/L) in controls: 0.008-0.010,
0.015-0.017, 0.029, and 0.072-0.082; in diabetics:
0.0097-0.012, 0.036-0.046, 0.10-0.12, and 0.260.36.f
Bone fluoride (ppm in ash) in controls: 171-194,
410-560, 872-1,330, and 2,500-3,600; in diabetics:
200-310, 1,000-2,000, 2,700-4,700, and 6,8009,500.
Same mean blood glucose value (453.5 ± 8.2
mg/dL) given for initial and final values in diabetic
rats—one of them is probably not correct; for
controls, initial value of 121.9 ± 1.7 mg/dL and
final value of 129.6 ± 1.7 mg/dL.
Markers examined: plasma urea, glucose
(nonfasting), creatinine, calcium, phosphorus, uric
acid, cholesterol, total protein, albumin, total
bilirubin, alkaline phosphatase, glutamate
oxaloacetate transaminase; urine urea, creatinine;
creatinine clearance; histological evaluations; bone
marrow sister chromatid exchanges.
Significant differences in many parameters between
normal and diabetic animals; with respect to
fluoride intake, significant differences only for
diabetic rats with fluoride at 50 mg/L (lower
plasma cholesterol, higher total protein in plasma,
increased width of tibial cortex).

Effects
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Rats (SpragueDawley, male, 3040 g weanlings at
start, 432 animals
total)

Rabbits (DutchBelted, female, 3
1/2 months old at
start, 1.55 kg)
See also Table E-11

Species and Strain
Concentration or Dosea
0 and 100 mg/L
[7-10.5 mg/kg/day]g

5, 15, or 50 mg/L
Drinking water
[0.5, 1.5, or 5
Either calciumdeficient diet or diet mg/kg/day]c
deficient in protein,
energy, or total
nutrients

Exposure
Conditions
Drinking water

TABLE E-16 Continued

16 or 48
weeks

Exposure
Duration
6 months
Effects
Statistically significant (P < 0.05) increase in
serum glucose (17%).
Increased IGF-1 (40%).
Insulin or other regulators of serum glucose
were not measured.
No effect of fluoride on serum urea, creatinine,
phosphorus, total protein, albumin, or
bilirubin; serum glutamate oxaloacetate
transaminase; or total alkaline phosphatase.
Increased serum fluoride (0.728 versus 0.0441
mg/L)h and bone fluoride (6,650-7,890 versus
850-1,150 ppm in ash).
No significant effect on fasting plasma
glucose; specific data by fluoride treatment
group not reported.
Combination of general malnutrition and
calcium deficiency was not examined.

Dunipace et
al. 1998

Reference
Turner et al.
1997
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Not available

Sevoflurane
Horses (6 total,
anesthesia
thoroughbreds,
average age 5 years,
average weight 509
kg, euthanized at
end of experiment)

Mean, 18.5
hours

Exposure
Concentration or Dosea Duration
Drinking water:
3 weeks
Groups C and D, 0 mg/L
Groups F10 and DF10,
10 mg/L
Group FF, adjusted to
match fluoride intake of
DF10
Feed: 13 ppm (all
groups)
[C: 1.0-1.5 mg/kg/day
F10: 2.1-2.9 mg/kg/day
D: 2.2-2.5 mg/kg/day
DF10: 8.4-18.6
mg/kg/day
FF: 8.3-11.8 mg/kg/day]i

Exposure
Conditions
Rats (Charles River, Drinking water and
feed (NaF in
Wistar, females,
drinking water)
normal and with
streptozotocininduced diabetes, 8
per group)
C: normal, no
fluoride in water
F10: normal,
fluoride in water
D: diabetic, no
fluoride in water
DF10: diabetic,
fluoride in water
FF: normal, with
fluoride intake
adjusted to match
that of DF10 (1.6-3
mg/day per rat)

Species and Strain

TABLE E-16 Continued
Effects
Normal rats had similar intakes of feed and water
regardless of fluoride intake; final body weights
were similar.
Diabetic rats had 3-5 times higher water intake
than normal rats and almost twice the feed
intake; final body weights for group D were
lower than for normal rats; final body weights for
group DF10 were lower than initial body
weights.
Increase in overall severity of diabetes and
higher fasting blood glucose concentrations in
fluoride-treated diabetic rats; about 400 mg/dL
(22 mM/L) in DF10 versus 250 mg/dL (14
mM/L) in D and 90 mg/dL (5 mmol/L) in C,
F10, and FF.
Plasma fluoride (approximate, mg/L): C, 0.029;
F10, 0.038; D, 0.038; DF10, 0.095; FF, 0.057.j
Bone (femoral) fluoride (approximate, ppm in
ash): C, 400; F10, 600; D, 400; DF10, 1000; FF,
1900).
Fluoride treatment in nondiabetic rats did not
cause significant alteration of blood glucose
concentrations.
Mean plasma fluoride after 8 hours was 0.7-0.9
mg/L (38-45 µmol/L).
Total and ionized calcium decreased over time;
ionized calcium remained within normal limits;
total calcium below normal values after 2 hours.
Serum glucose concentrations increased
throughout, exceeding normal concentrations at 6
hours and thereafter, but within the values
commonly observed during general inhalation
anesthesia in horses; glucosuria also present after
10 hours.

Driessen et
al. 2002

Reference
Boros et al.
1998

442

Intraperitoneal
injection

Exposure
Conditions
NaF orally by
feeding tube

35 mg/kg NaF (15.8
mg/kg fluoride) in
physiological saline
Controls, saline only

Concentration or Dosea
40 mg/kg/day NaF (18
mg/kg/day fluoride to the
mothers)
Effects
Marked hypoglycemia in mothers and
offspring, attributed to reduced feed
consumption
Reduced serum protein content, significant
increases in serum sodium and potassium
Significant recovery on withdrawal of NaF or
supplementation with vitamins C, D, and E
Single dose, Hyperglycemia (47% increase), accompanied
sacrificed 90 by impairment in renal function, decreased
minutes later calcium concentrations (13%)

Exposure
Duration
Day 6 of
gestation
through day
21 of
lactation

GruckaMamczar et
al. 2005

Reference
Verma and
Guna Sherlin
2002a

b

Information in brackets was calculated from information given in the papers or as otherwise noted.
Based on average of initial and final mean body weights.
c
Based on water consumption of about 10% of body weight, with no significant differences in body weight with fluoride intake.
d
Based on water consumption of about 10% of body weight and feed consumption of about 8% of body weight, with no significant differences in body weight
with fluoride intake.
e
Based on final (6-month) mean body weights of 508.8 g for controls and 445.4 g for diabetics, with pretermination (3- and 6-month combined) metabolic data
for fluoride intake.
f
Plasma fluoride (µmol/L) in controls: 0.42-0.54, 0.8-0.9, 1.5, and 3.8-4.3; in diabetics: 0.51-0.65, 1.9-2.4, 5.5-6.1, and 13.6-19.2
g
Based on average daily water consumption of 163 mL, mean initial weight of 1.55 kg, and mean final weight of 2.33 kg for the fluoride-treated group.
h
Serum fluoride: 38.31 versus 2.32 µmol/L.
I
Based on average daily fluoride intake for days 1-4 with average initial body weight for all groups and average daily intake for days 15-21 with average final
body weight for the group.
j
Plasma fluoride (approximate, µmol/L): C, 1.5; F10, 2; D, 2; DF10, 5; FF, 3.
k
In many mammalian species, maternal fluoride exposures are not well reflected by fluoride concentrations in milk; therefore, the impacts of fetal exposure and
of reduced milk production by the mothers must also be considered.

a

Rats (Wistar FL,
males, 14 weeks
old, 8 treated, 10
controls)

Rats (Wistar, adult
females, 150-170 g
at start; fluoride
administered during
pregnancy and
lactation)k

Species and Strain

TABLE E-16 Continued
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Exposure
Conditions
Thought to be
from pesticide
use

Concentration or Dosea
and Exposure Duration Effects
Study Population(s)
Not available
Endocrine disturbances including melanosis
76 male and female inmates of Japanese
Chronic
in 20 of 76 patients; attributed to
mental hospital
dysfunction of parathyroids and adrenals,
Observational study; summary of cases;
reversed upon treatment for chronic fluorine
cross-sectional
poisoning.
41 Russian males with fluorosis, ages 33-45, Occupational
Not available
Elevated follicle-stimulating hormone and
19 controls (no contact with fluorine
exposure
>15 years for some
decreased testosterone in blood in all men
compounds)
with fluorosis; elevated blood luteinizing
Case-control study; cross-sectional; full
hormone in men with long-term exposure
details not available
(>15 years).
Volunteers in Argentina, 6 adults
Oral
27 mg of fluoride (60 After 1 hour, significant fall of plasma
insulin concentrations and increased
Experimental study; subjects included the
administration to mg of NaF) [0.4
fluoride; reduced insulin response to glucose
authors of the report and members of their
fasting persons mg/kg]b
Single dose
challenge.
laboratory
Plasma fluoride: 0.1-0.3 mg/L (5-15
µmol/L).

TABLE E-17 Effects of Fluoride on Other Endocrine Organs in Humans

Rigalli et
al. 1990

Tokar’ and
Savchenko
1977

Reference
Spira 1962
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Study Population(s)
25 young adults (14 males, 11 females) in
India with endemic fluorosis (skeletal and
enamel), ages 15-30 years (nonobese,
nonsmokers, no personal or family history
of diabetes mellitus or hypertension)
25 controls with normal fluoride intake (age,
sex, and body mass index matched;
comparable social and working conditions)
Case-control study; cross-sectional for all;
longitudinal for subjects initially found to
have impaired glucose tolerance; tests were
repeated after 6 months on a low-fluoride
water source

TABLE E-17 Continued
Exposure
Conditions
Drinking water

Concentration or Dosea
and Exposure Duration
2-13 mg/L in drinking
water
[0.067-0.43
mg/kg/day]c
Controls: < 1 mg/L
[< 0.03 mg/kg/day]c
Since birth

Effects
Reference
Impaired glucose tolerance (IGT) in 40% (6
Trivedi et
males, 4 females); fasting serum fluoride
al. 1993
concentrations positively correlated (P < 0.01)
with area under glucose curve in those 10;
effect appeared to be reversible on provision
of drinking water with “acceptable” fluoride
concentrations (<1 mg/L).
For all 25 endemic fluorosis patients,
significant positive correlation between serum
fluoride and fasting serum immunoreactive
insulin; significant negative correlation
between serum fluoride and fasting
glucose:insulin ratio.
Normal serum calcium, inorganic phosphorus,
and vitamin D; elevated serum alkaline
phosphatase in patients with endemic
fluorosis.
Urine fluoride (mg/L): fluorosis patients, 2-8;
controls, 0.2-0.5.
Serum fluoride (mg/L): patients with IGT,
0.08 ± 0.04; patients with normal glucose
tolerance, 0.02 ± 0.01; controls, 0.01 ± 0.009;
IGT patients after 6 months on low-fluoride
water, 0.02 ± 0.01.

445

Exposure
Study Population(s)
Conditions
Poland, residents of Skawina (living in the Airborne
fluorides
vicinity of an aluminum smelter) and
Chorzów (employed in any of 3 industries); Skawina:
chronic exposure
approximately 50 individuals per group
to fluorine
(approximately 200 total)
Ecologic measure of exposure (exposure to compounds
Chorzów:
environmental fluorides from industrial
chronic exposure
pollution)
to environmental
fluorides and
other toxic
compounds

TABLE E-17 Continued
Concentration or Dosea
and Exposure Duration
8-10 times the
Maximum Allowable
Concentration for
fluoride of 1.6 µg/m3
(12.8-16 µg/m3)

Effects
Reference
Kedryna et
Excessive excretion of fluorides in urine
al. 1993
(53-100% with urine fluoride > 2.3 mg/L;
for Skawina, mean = 5.6 mg/L; SD = 2.5, n
= 46), associated with a decrease in urine
and erythrocyte magnesium concentrations
(36-65% with urine magnesium < 5.4
mg/L); increased blood glucose and lactate
concentrations, which were normalized by
magnesium supplementation.
For Skawina, 74% had blood glucose results
above the norm (70-100 mg/dL or 3.89-5.55
mmol/L; n = 42)
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Exposure
Study Population(s)
Conditions
U.S., female osteoporosis patients (patients
Slow-release
with previous history of hyperparathyroidism sodium
and several other conditions were excluded)
monofluoroInitial recruitment included 203 in-state
phosphate plus
patients from previous fluoride trials and 95
1,500 mg/day
controls who had not taken fluoride; of these, calcium
40 fluoride patients and 43 controls were
carbonate
scheduled for appointments; 15 fluoride
Most controls (n
patients were no longer taking fluoride or
= 38) had
failed the appointments; 5 controls failed the
calcium
appointments; final study included 25 fluoride
supplementation
patients and 38 controls (mean ages, 70.1 for
fluoride group, 69.5 for controls)
Cross-sectional study; fluoride-treated patients
and non-fluoride-treated controls recruited
from database of osteoporosis patients of one
investigator; fasting samples; analyses of
drinking water, blood, and urine performed
blindly; results reported as means of groups
and as number outside the normal range for
the parameter; urine and plasma fluoride
clearly different between groups; no
significant difference in mean water fluoride
concentrationsSee also Table E-12

TABLE E-17 Continued
Concentration or Dosea
and Exposure Duration
23 mg/day (mean
dose)
[0.33 mg/kg/day]b
1.4-12.6 years (mean,
4.2 years)

Effects
Reference
Mean fasting blood glucose concentrations Jackson et
104.7 (SD = 53.0) for fluoride-treated group al. 1994
and 95.2 (SD = 10.3) for controls
(difference not considered significant); 3 of
25 fluoride-treated individuals outside
normal range (versus 1 of 38 controls).
Urine fluoride (mg/L, mean and SD):
fluoride group, 9,7 (4.1); controls, 0.8 (0.5);
plasma fluoride (mg/L, mean and SD)d:
fluoride group, 0.17 (0.068); controls, 0.019
(0.0076)
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Exposure
Conditions
Drinking water
Normal nutrition
defined as > 75
g/day protein
and Ca >600
mg/day
Inadequate
nutrition defined
as <60 g/day
protein and Ca
<400 mg/day

Study Population(s)
China, healthy adults (approximately 120
per group, with either normal or inadequate
nutritional intakes; mean ages of groups,
44.9-47.7 years)
Cross-sectional cohort study; subjects
grouped by location (water fluoride
concentration) and nutritional status;
populations generally similar (e.g., socially
and economically); estimated fluoride
intakes and measurements of urine and
plasma fluoride and other parameters were
made for individuals but results reported
only for groups; probable overlap between
low (< 0.3 mg/L) and middle (around 1
mg/L) fluoride exposure groups for each
nutritional category; no mention of whether
analyses were performed blindly
See also Table E-12
Treatment for
2 postmenopausal women in Argentina
Experimental study; subjects were members osteoporosis
of the authors’ department who were
receiving NaF as treatment for osteoporosis
and who volunteered to undergo glucose
tolerance tests; tests were administered in
the fasting state
Drinking water
24 women and 2 men, ages 44-66, former
residents of an area of endemic fluorosis in
Argentina
Ecologic exposure measure; cross-sectional
study; fasting blood samples

TABLE E-17 Continued

Disturbed glucose homeostasis when given
glucose tolerance test.
Plasma F: 0.11 and 0.13 mg/L (5.6 and 6.7
µM/L).

Inverse relationship between plasma
fluoride and area under curve of insulin
during a standard glucose tolerance test.
Plasma F: 0.01-0.18 mg/L (0.5-9.2 µM/L).
Urine F: > 1.1 mg/day.

Not stated
Chronic

Effects
No significant differences in mean blood
glucose concentrations among groups.
Not clear whether samples were fasting or
nonfasting.

13.6 mg/day (30
mg/day NaF)
[0.23 mg/kg/day]e
9 and 24 months

Concentration or Dosea
and Exposure Duration
0.23, 1.02, and 5.03
mg/L (normal
nutrition)
0.11, 0.90, and 4.75
mg/L (inadequate
nutrition)
Estimated intakes:
1.70, 3.49, and 14.8
mg/day (normal
nutrition); 1.20, 2.64,
15.32 mg/day
(inadequate nutrition)
At least 35 years of
continuous residency
in the study area

de la Sota
et al. 1997

Rigalli et
al. 1995

Reference
Li et al.
1995
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3.0 mg/L in drinking
water
2-13 mg/day estimated
for low group [0.030.19 mg/kg/day]b
3.4-27.4 mg/day
estimated for high
group [0.05-0.39
mg/kg/day]b
Chronic (at least 1 year
for occupational
exposure)

Concentration or Dosea
and Exposure Duration
0.2, 1.0, 4.0 mg/L
[0.003, 0.01, 0.06
mg/kg/day]b
At least 30 years of
continuous residency
in their communities

Elevated follicle stimulating hormone;
decreased testosterone, inhibin B, and
prolactin; apparent reduction in sensitivity
of the hypothalamic-pituitary axis to
negative feedback action from inhibin B.
Fluoride exposures of the two groups
overlapped, and occupational exposures
included other chemicals besides fluoride.

Effects
No significant differences among mean
glucose concentrations (nonfasting); all
mean values were within normal ranges.

b

Information in brackets was calculated from information given in the papers or as otherwise noted.
Based on 70-kg per person.
c
Based on consumption of 2 L of drinking water per day by a 60-kg adult.
d
Reported as 9.0 (3.6) µmol/L for the fluoride group and 1.0 (0.4) µmol/L for the controls.
e
Based on 60-kg per person.

a

Exposure
Study Population(s)
Conditions
Drinking water,
U.S., 199 adult volunteers (mean ages of
natural fluoride
groups, 62.3, 58.6, 57.2 years)
Dietary calcium
Ecological study; cross-sectional; subjects
and calcium
grouped by location (water fluoride
concentrations in
concentration); subjects not randomly
drinking water
selected; nonfasting samples; urine and
plasma fluoride concentrations significantly were not
discussed
different for groups; study parameters
reported by groups; no information on
whether analyses were performed blindly
See also Table E-12
160 males ages 20-50 years, in Mexico
Drinking water
Ecologic exposure measure based on
alone for 27 men
occupation; exposure groups overlapped; no (low group)
information on selection of subjects
Occupational
exposure and
drinking water
for 133 men
(high group)

TABLE E-17 Continued

OrtizPerez et al.
2003

Reference
Jackson et
al. 1997
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