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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 lowa; 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 1s 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, risk-
benefit 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 water-
intake 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
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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 I1I 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
IT 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
IIT 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 11
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 meta-
analysis 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 1Q
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 I1
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.

e 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.

e 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.

e 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.



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 drinking-
water 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.

11
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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 public-
health practice to control dental caries. The “optimal” concentration of fluoride in drinking-
water 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;
Rolla 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 1.4-
2.4 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 lowest-
observed-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 water-
treatment 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

e 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.

e 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.

e Identify the compounds that compose the “organic fluoride pool” in human plasma and
determine their sources, metabolic characteristics, fate, and biological importance.

Enamel Fluorosis

e Identify sources of fluoride during the critical stages of tooth development in childhood and
evaluate the contribution of each source to enamel fluorosis.

e 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.

e Conduct studies on the contribution of ingested fluoride and fluoride applied topically to teeth
to prevent caries.

Bone Fracture

e 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.

e 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

e 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-of-
evidence 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 Unit Equivalent
Water 1 ppm 1 mg/L
Plasma 1 umol/L 0.019 mg/L
Bone ash 1 ppm 1 mg/kg

1% 10,000 mg/kg

Abbreviations: mg/kg, milligrams per kilogram; mg/L, milligrams per liter; pmol/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.



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, H,SiFg) or the sodium salt (sodium fluosilicate, Na,SiFg), 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 (SnF;), or disodium monofluorophosphate (Na,POsF).

19
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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 10%
(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”' 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

'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.> 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).° 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 lowa 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 water’ 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

*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.
*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.

*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 lowa. 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: 0.05-
4.8 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).° 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 Range, mg/L*
Municipal water (fluoridated) 0.7-1.2

Municipal water (naturally fluoridated) 0.7-4.0+

Municipal water (nonfluoridated) <0.7

Well water 0-7+

Bottled water from municipal source 0-1.2

Spring water 0-1.4 (usually <0.3)
Bottled “infant” or “nursery” water 0.5-0.8

Bottled water with added fluoride” 0.8-1.0

Distilled or purified water <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 B®). 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).

®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.
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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 player’). While some players and

"The player’s weight was obtained from the 2003 roster of the Cleveland Indians baseball team
(http://cleveland.indians.mlb.com).



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

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/m?/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™ (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 polyuria’ 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 uM/L) in an area in Sweden with fluoride at 0.2 mg/L in
drinking water and 0.0068 mg/L (0.36 uM/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

*These two individuals also had impaired renal function, which could have increased their retention of fluoride (see
Chapter 3).

’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.”
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(0.37 uM/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 uM/L; median, 0.0032 mg/L (0.17
uM/L); mean, 0.0046 mg/L (0.24 uM/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 ready-
to-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 pg of fluoride per g of prepared infant foods.
The highest concentrations were found in chicken (1.05-8.38 pg/g); other meats varied from 0.01
ug/g (veal) to 0.66 ng/g (turkey). Other foods—fruits, desserts, vegetables, mixed foods, and
cereals—ranged from 0.01 to 0.63 pg/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 pg 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 lowa. 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



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

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
(Na3AlFe) as a pesticide in the vineyards. Martinez 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 Martinez 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

Fluoride Fluoride Intake, mg/day
Beverage Concentration, mg/L 8 drinks per day 12 drinks per day
0.5 1.4 2.1
Beer (12-0z. cans or bottles) 1.0 2.8 4.3
0.3 0.35 0.53
Wine (5-o0z. glasses) 1.0 1.2 1.8
Mixed drinks (1.5 oz. liquor + 6.5 0z.  0.7° 1.1 1.6
mixer and ice) 1.0° 1.5 2.3

“In carbonated soda and ice.

R.D. Jackson et al. (2002) reported mean fluoride contents from 0.12 ng/g (fruits) to 0.49
ug/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 pg/g; those in milk and milk products averaged 0.31 pg/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 pg/g for fish, 0.61 pg/g for soup, and 1.15 pg/g for beverages; the
highest single items were cooked veal (1.2 pg/g), canned fish (4.6 pg/g), shellfish (3.4 pg/g),
cooked wheat cereal (1.0 ng/g), and tea (5.0 ug/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 64-
year-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 Range, mg/L Range, mg/kg
Human breast milk

Fluoridated area (1 mg/L) 0.007-0.01 —
Nonfluoridated area 0.004 —
Cow’s milk <0.07 —

Soy milk 0.5 —
Milk-based infant formula“ <0.2 —
Soy-based infant formula“ 0.2-0.3 —
Infant food—chicken — 1-8
Infant food—other — 0.01-0.7
Tea“ 0.3-5 —
Herbal tea“ 0.02-0.15 —
Coffee” 0.1-0.6 —
Grape juice” <3 —
Other juices and juice drinks® <1.5 —
Grapes — 0.8-5
Carbonated beverages 0.02-1.3 —
Wine 0.2-3 —

Beer 0.08-1 —

“Not including contribution from local tap water.
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(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%)."® 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 dentiftrice
(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)

"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 (Na,PO;F), 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 2-
7; 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 Toothpaste®

Age Group, years Fluoride Intake, mg/day Age Group, years Fluoride Intake, mg/day
Infants < 0.5" 0 Youth 13-19 0.2

Infants 0.5-1 0.1 Adults 20-49 0.1

Children 1-2 0.15 Adults 50+ 0.1

Children 3-5 0.25 Females 13-49° 0.1

Children 6-12 0.3

“Based on information reviewed by Levy et al. (1995a). Estimates assume two brushings per day with fluoride
toothpaste (0.1% fluoride) and moderate rinsing.

® Assumes no brushing before 6 months of age.

“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. Sjogren 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

Fluoride Concentration in Drinking Water, mg/L

Age <0.3 0.3-0.6 > 0.6
Birth to 6 months None None None
6 months to 3 years 0.25 mg/day None None
3-6 years 0.50 mg/day 0.25 mg/day None
6-16 years 1.0 mg/day 0.50 mg/day 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 volcanoes'' 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 pg/m’, with most of it (75%) present as hydrogen fluoride (CEPA 1996). The
highest concentrations (>1 pg/m®) correspond to urban locations or areas in the vicinity of
industrial operations. Historically, concentrations ranging from 2.5-14,000 pg/m’ 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 pug/m’ 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 m*/day
for children and 20 m*/day for adults, fluoride exposures from inhalation in rural areas (<0.2
png/m’ fluoride) would be less than 2 pg/day (0.0001-0.0002 mg/kg/day) for a child and 4 pg/day
(0.00006 mg/kg/day) for an adult. In urban areas (<2 pg/m’), fluoride exposures would be less
than 20 pg/day (0.0001-0.002 mg/kg/day) for a child and 40 pg/day (0.0006 mg/kg/day) for an
adult. Lewis and Limeback (1996) used an estimate of 0.01 pg/kg/day (0.00001 mg/kg/day) for
inhaled fluoride for Canadians; this would equal 0.1 pg/day for a 10-kg child or 0.7 pg/day for a
70-kg adult.

Occupational exposure at the Occupational Safety and Health Administration (OSHA)
exposure limit of 2.5 mg/m’ 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 70-
kg person) (EPA 1988).

"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 fluoride-
containing 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 (Na3AlFs), 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, ¢) [2004]). Current tolerances for all commodities are at 7
ppm.

Sulfuryl fluoride (SO,F>), 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 1994-
1996 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 uM (0.076 ppm) to 11 uM (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 uM versus 51 pM; 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 uM) 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 pM (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, a-fluoro-B-ureidopropanoic acid, a-
fluoro-B-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 AlF; or AlF4") or
beryllium and fluoride (beryllofluorides, usually as BeFs") 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 (NazAlFg). In fact, of the more than 60 metals on the periodic chart, AI**
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 AlIF 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;
Li2003; 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; Facanha
and Okorokova-Faganha 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;
Faganha and Okorokova-Faganha 2002; Strunecka and Patocka 2002; Li 2003).
Aluminofluoride complexes have been reported to increase the concentrations of second
messenger molecules (e.g., free cytosolic Ca®", 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.
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Fluorosilicates

Most fluoride in drinking water is added in the form of fluosilicic acid (fluorosilicic acid,
H,SiF) or the sodium salt (sodium fluosilicate, Na,SiFs), 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).'*!* 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
(SiF¢”) (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)y], fluoride ion, and HF (Urbansky 2002; Morris 2004); any intermediate species
either exist at extremely low concentrations or are highly transient. SiFs> 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 SiF¢™, 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 SiFs> 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

"’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).

1 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 AIF," and AlF;). 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, SiF¢> would be present, so it seems reasonable to expect that some SiFg>
would 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 SiFs”, 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, 0.033-
0.045, and 0.047-0.058 mg/kg for ages 5-11, 12-19, and 20+ in fluoridated areas, and 0.026-
0.044, 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

Average Inorganic Fluoride Exposure, mg/kg/day

Back-
Sulfuryl ground Tooth- Total Supple-

Population Subgroups  Fluoride® Cryolite” Food” paste” Air” Nonwater ~ ment’
All infants (<1 year) 0.0005 0.0009 0.0096 0 0.0019 0.0129 0.0357
Nursing 0.0003 0.0004 0.0046 0 0.0019 0.0078¢ 0.0357
Nonnursing 0.0006 0.0012 0.0114 0 0.0019 0.0151 0.0357
Children 1-2 years 0.0013 0.0031 0.0210 0.0115 0.0020 0.0389 0.0192
Children 3-5 years 0.0012 0.0020 0.0181 0.0114 0.0012 0.0339 0.0227
Children 6-12 years 0.0007 0.0008 0.0123 0.0075  0.0007 0.0219 0.0250
Youth 13-19 years 0.0004 0.0003 0.0097 0.0033 0.0007 0.0144 0.0167
Adults 20-49 years 0.0003 0.0004 0.0114 0.0014 0.0006 0.0141 0
Adults 50+ years 0.0003 0.0005 0.0102 0.0014 0.0006 0.0130 0
Females 13-49 years® 0.0003 0.0005 0.0107 0.0016  0.0006 0.0137 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.

"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).

“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.

“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.
“Women of childbearing age.

exposure from toothpaste is based on Levy et al. (1995a; see Table 2-7). The use of fluoride-
containing 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 16-
state 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)”

Population Fluoride Concentrations in Tap Water (fixed nontap water at 0.5 mg/L)
Subgroups 0 mg/L 0.5 mg/L 1.0 mg/L 2.0 mg/L 4.0 mg/L.
All infants (<1 year) 0.0120 0.0345 0.0576 0.1040 0.1958
Nursing 0.0050 0.0130 0.0210 0.0370 0.0700
Nonnursing 0.0140 0.0430 0.0714 0.1290 0.2430
Children 1-2 years 0.0039 0.0157 0.0274 0.0510 0.0982
Children 3-5 years 0.0036 0.0146 0.0257 0.0480 0.0920
Children 6-12 years 0.0024 0.0101 0.0178 0.0330 0.0639
Youth 13-19 years 0.0018 0.0076 0.0134 0.0250 0.0484
Adults 20-49 years 0.0024 0.0098 0.0173 0.0320 0.0620
Adults 50+ years 0.0023 0.0104 0.0184 0.0340 0.0664
Females 13-49 years’”  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, 2-
14, 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 Concentration”

Concentration in Tap Water (fixed nontap water at 0.5 mg/L)

With F supplement Without F supplement

Population Subgroups Omg/L 05mg/L Omg/L 05mg/lL. 1mg/lL 2mg/lL 4mg/L

All infants (<1 year) 0.061 0.083 0.025 0.047 0.070 0.117 0.209
Nursing” 0.049 0.057 0.013 0.021 0.030 0.046 0.079
Non-nursing 0.065 0.094 0.029 0.058 0.087 0.144 0.258
Children 1-2 years 0.062 0.074 0.043 0.055 0.066 0.090 0.137
Children 3-5 years 0.060 0.071 0.038 0.049 0.060 0.082 0.126
Children 6-12 years 0.049 0.057 0.024 0.032 0.040 0.055 0.086
Youth 13-19 years 0.033 0.039 0.016 0.022 0.028 0.039 0.063
Adults 20-49 years 0.017 0.024 0.017 0.024 0.031 0.046 0.076
Adults 50+ years 0.015 0.023 0.015 0.023 0.031 0.047 0.079
Females 13-49 years* 0.016 0.024 0.016 0.024 0.031 0.046 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.

"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.

“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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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 child-
bearing 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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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 child-
bearing 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
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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 Waters”

Concentration in All Water

1 mg/L 2 mg/L 4 mg/L 1 mg/L 2 mg/L 4 mg/L

Population Subgroups Modeled water intake” EPA default water intake”

All infants (<1 year) 0.082 0.151 0.289 0.113 0.213 0.413
Nursing 0.034 0.060 0.111 0.109 0.209 0.409
Non-nursing 0.100 0.186 0.357 0.115 0.215 0.415
Children 1-2 years 0.070 0.102 0.164 0.139 0.239 0.439
Children 3-5 years 0.063 0.093 0.151 NA NA NA
Children 6-12 years 0.042 0.062 0.103 NA NA NA
Youth 13-19 years 0.030 0.045 0.075 NA NA NA
Adults 20-49 years 0.034 0.053 0.093 0.043 0.071 0.128
Adults 50+ years 0.034 0.054 0.096 0.042 0.070 0.127
Females 13-49 years* 0.033 0.053 0.092 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.

"The component of drinking water exposure is estimated from DEEM-FCID.

“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.

“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 2-
4). 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 non-
water 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  Tooth- Drinking
Population Subgroups mg/kg/day and Air Food paste Water

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 81.7
Nursing 0.030 8.9 15.6 0 70.8
Nonnursing 0.087 4.3 13.2 0 82.5
Children 1-2 years 0.066 9.7 31.7 17.4 41.3
Children 3-5 years 0.060 7.4 304 19.1 43.1
Children 6-12 years 0.040 54 30.9 18.9 44.8
Youth 13-19 years 0.028 4.9 34.8 12.0 48.3
Adults 20-49 years 0.031 4.0 36.3 4.6 55.1
Adults 50+ years 0.031 4.4 324 4.6 58.7
Females 13-49 years” 0.031 4.4 34.7 5.3 55.6

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 88.6
Nursing 0.109 2.4 43 0 92.0
Nonnursing 0.115 3.2 9.9 0 86.9
Children 1-2 years 0.139 4.6 15.1 8.3 72.0
Adults 20-49 years 0.043 3.0 26.7 33 67.0
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 83.3
DM patients (3-5 years) 0.134 33 13.5 8.5 74.7
DM patients (adults) 0.084 1.5 13.5 1.7 83.3
NDI patients (3-5 years) 0.184 2.4 9.9 6.2 81.6
NDI patients (adults) 0.164 0.8 6.9 0.9 914

“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 2-
13, 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 Tooth- Drinking
Population Subgroups  mg/kg/day and Air Food paste Water

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 89.0
Nursing 0.046 5.8 10.1 0 81.0
Nonnursing 0.144 2.6 7.9 0 89.5
Children 1-2 years 0.090 7.1 23.3 12.8 56.7
Children 3-5 years 0.082 54 22.1 13.9 58.6
Children 6-12 years 0.055 3.9 22.4 13.7 60.1
Youth 13-19 years 0.039 3.5 24.5 8.5 63.5
Adults 20-49 years 0.046 2.8 24.7 3.1 69.4
Adults 50+ years 0.047 2.9 21.7 3.0 72.4
Females 13-49 years®  0.046 3.0 23.4 3.6 70.1

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 93.9
Nursing 0.209 1.3 2.2 0 95.8
Nonnursing 0.215 1.7 53 0 93.0
Children 1-2 years 0.239 2.7 8.8 4.8 83.7
Adults 20-49 years 0.071 1.8 16.0 2.0 80.2
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 90.9
DM patients (3-5 years) 0.234 1.9 7.7 4.9 85.5
DM patients (adults) 0.154 0.8 7.4 0.9 90.9
NDI patients (3-5 years) 0.334 1.3 5.4 3.4 89.9
NDI patients (adults) 0.314 0.4 3.6 0.5 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 Tooth- Drinking
Population Subgroups = mg/kg/day and Air Food paste Water
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 93.9
Nursing 0.079 33 59 0 89.0
Nonnursing 0.258 1.4 4.4 0 94.1
Children 1-2 years 0.137 4.7 15.3 8.4 71.6
Children 3-5 years 0.126 3.5 14.4 9.0 73.1
Children 6-12 years 0.086 2.5 14.3 8.7 74.5
Youth 13-19 years 0.063 22 15.4 53 77.1
Adults 20-49 years 0.076 1.7 15.0 1.9 81.5
Adults 50+ years 0.079 1.7 12.8 1.8 83.7
Females 13-49 years®  0.075 1.8 14.3 2.2 81.7

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 23 0 96.9
Nursing 0.409 0.6 1.1 0 97.9
Nonnursing 0.415 0.9 2.8 0 96.4
Children 1-2 years 0.439 1.5 4.8 2.6 91.1
Adults 20-49 years 0.128 1.0 8.9 1.1 89.0
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 95.2
DM patients (3-5 years) 0.434 1.0 4.2 2.6 92.2
DM patients (adults) 0.294 0.4 3.9 0.5 95.2
NDI patients (3-5 years) 0.634 0.7 2.9 1.8 94.7
NDI patients (adults) 0.614 0.2 1.9 0.2 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., 0.139-
0.439 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 2-
13, 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



MEASURES OF EXPOSURE TO FLUORIDE IN THE UNITED STATES

57

TABLE 2-16 Summary of Selected Biomarkers for Fluoride Exposure in Humans

Number of

Fluoride Exposure Persons Fluoride Concentration Reference

Urine

1.2-2.2 mg/day 5 0.8-1.2 mg/day Teotia et al. 1978

2.5-3.8 mg/day” 2 1.2-2.2 mg/day (Figure 2-4)

8.7-9.2 mg/day 3 3.2-5.8 mg/day

21.0-28.0 mg/day 2 10.0-11.0 mg/day

48.0-52.0 mg/day 2 15.0-18.5 mg/day

1.0 mg/L in drinking water 17 1.5 (0.2) mg/L Bachinskii et al.

1.9 (0.3) mg/day 1985 (Figure 2-6)
2.3 mg/L in drinking water ~ 30 2.4 (0.2) mg/L
2.7 (0.2) mg/day

0.09 (range, 0.06-0.11) mg/L. 45 0.15 (0.07) mg/L" Schamschula et al.

in drinking water 1985 (Figure 2-6)

0.82 (range, 0.5-1.1) mg/L in 53 0.62 (0.26) mg/L"

drinking water

1.91 (range, 1.6-3.1) mg/L 41 1.24 (0.52) mg/L"

in drinking water

0.32 mg/L in drinking water 100 0.77 (0.49) mg/L" Czarnowski et al.
1999

1.69 mg/L in drinking water 111 1.93 (0.82) mg/L” (Figure 2-6)

2.74 mg/L in drinking water 89 2.89 (1.39) mg/L"

About 3 mg/day 1 2.30-2.87 mg/day Whitford et al.
1999a

About 6 mg/day 1 4.40-5.13 mg/day

7.35 (1.72) mg/day” 50 9.45 (4.11) mg/L" Gupta et al. 2001

11.97 (1.8) mg/day” 50 15.9 (9.98) mg/L" (Figure 2-7)

14.45 (3.19) mg/day” 50 17.78 (7.77) mg/L*

32.56 (9.33) mg/day” 50 14.56 (7.88) mg/L*

0.93 (0.39) mg/day” [0.053 11 0.91 (0.45) mg/L" Haftenberger et al.

(0.021) mg/kg/day”] 2001 (Figure 2-5)

1.190 (0.772) mg/day from 20 0.481 (0.241) mg/day” Pessan et al. 2005

all sources”

Plasma

1.2-2.2 mg/day 5 0.020-0.038 mg/L Teotia et al. 1978

2.5-3.8 mg/day 2 0.036-0.12 mg/L (Figure 2-4)

8.7-9.2 mg/day 3 0.15-0.18 mg/L

21.0-28.0 mg/day 2 0.11-0.17 mg/L

48.0-52.0 mg/day 2 0.14-0.26 mg/L

Serum

1.0 mg/L in drinking water 17 0.21 (0.01) mg/L Bachinskii et al.
1985

2.3 mg/L in drinking water 30 0.25 (0.01) mg/L (Figure 2-6)

7.35 (1.72) mg/day” 50 0.79 (0.21) mg/L" Gupta et al. 2001

11.97 (1.8) mg/day” 50 1.10 (0.58) mg/L" (Figure 2-7)

14.45 (3.19) mg/day” 50 1.10 (0.17) mg/L"

32.56 (9.33) mg/day” 50 1.07 (0.17) mg/L"

(Continued)
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Number of

Fluoride Exposure Persons Fluoride Concentration Reference

0.3 mg/L in drinking water: Hossny et al. 2003

Breastfed infants 48 0.0042 (0.0027) mg/Lb

All infants (4 weeks-2 years) 97 0.0051 (0.0030) mg/L”

Preschoolers (2-6 years) 100 0.011 (0.0049) mg/L"

Primary schoolers (6-12 99 0.010 (0.0042) mg/L"

years)

Saliva

0.09 (range, 0.06-0.11) mg/L 45 6.25 (2.44) ng/L’ Schamschula et al.

in drinking water 1985

0.82 (range, 0.5-1.1) mg/L in 53 11.23 (4.29) ug/L”

drinking water

1.91 (range, 1.6-3.1) mg/L 41 15.87 (6.01) pg/L”

in drinking water

0.1 mg/L in drinking water 27 1.9-55.1 pg/L Oliveby et al. 1990

1.2 mg/L in drinking water 27 1.9-144 ng/L Oliveby et al. 1990

Plaque

0.09 (range, 0.06-0.11) mg/L 45 5.04 (4.60) ppm” Schamschula et al.

in drinking water 1985

0.82 (range, 0.5-1.1) mg/L in 53 8.47 (9.69) ppm”

drinking water

1.91 (range, 1.6-3.1) mg/LL. 41 19.6 (19.3) ppm”

in drinking water

Hair

0.09 (range, 0.06-0.11) mg/L 45 0.18 (0.07) png/g” Schamschula et al.

in drinking water 1985

0.82 (range, 0.5-1.1) mg/L in 53 0.23 (0.11) pg/g’

drinking water

1.91 (range, 1.6-3.1) mg/LL 41 0.40 (0.25) pg/g”

in drinking water

0.27 mg/L in drinking water 59 1.35 (0.95) pg/g’ Hac et al. 1997

and 2.8 ug/m’ in air

0.32 mg/L in drinking water 53 4.13 (2.24) pg/g’ Czarnowski et al.
1999

1.69 mg/L in drinking water 111 10.25 (6.63) pg/g”

2.74 mg/L in drinking water 84 14.51 (6.29) pg/g”

Breast milk

0.2 mg/L in drinking water 47 0.0053 mg/L (colostrum) Spak et al. 1983

1.0 mg/L in drinking water 79 0.0068 mg/L (colostrum)

1.0 mg/L in drinking water 17 0.007 mg/L (mature milk)

Nonfluoridated community 32 0.0044 mg/L Dabeka et al. 1986

1 mg/L in drinking water 112 0.0098 mg/L

22.1 mg/day (mean) 27 0.011-0.073 mg/L Opinya et al. 1991

0.3 mg/L in drinking water 60 0.0046 (0.0025) mg/L" Hossny et al. 2003

(Continued)
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Number of

Fluoride Exposure Persons Fluoride Concentration Reference

Fingernails

0.09 (range, 0.06-0.11) mg/L 45 0.79 (0.26) ppm” Schamschula et al.

in drinking water 1985

0.82 (range, 0.5-1.1) mg/L in 53 1.31 (0.49) ppm”

drinking water

1.91 (range, 1.6-3.1) mg/L 41 2.31 (1.14) ppm”

in drinking water

About 3 mg/day 1 1.94-3.05 mg/kg Whitford et al.
1999a

About 6 mg/day (after 3.5 1 4.52-5.38 mg/kg

months)

0.1 mg/L in drinking water 10 0.75-3.53 mg/kg

1.6 mg/L in drinking water 6 2.28-7.53 mg/kg

2.3 mg/L in drinking water 9 4.00-13.18 mg/kg

0.7-1.0 mg/L in drinking 10 2.3-7.3 mg/kg Corréa Rodrigues

water, without fluoride et al. 2004

dentifrice

0.7-1.0 mg/L in drinking 10 10.1 mg/kg (peak)

water, with fluoride

dentifrice (after 4 months)

0.004 £+ 0.003 mg/kg/day 15 0.42-6.11 pg/g Levy et al. 2004

0.029 + 0.029 mg/kg/day 15 0.87-7.06 pg/g

Toenails

0.09 mg/L in drinking water 4.2 ppm Feskanich et al.
1998

1.0 mg/L in drinking water 6.4 ppm

3 mg/day 1 1.41-1.60 mg/kg Whitford et al.
1999a

0.7-1.0 mg/L in drinking 10 2.5-5.6 mg/kg Corréa Rodrigues

water, without fluoride et al. 2004

dentifrice

0.7-1.0 mg/L in drinking 10 9.2 mg/kg (peak)

water, with fluoride

dentifrice (after 4 months)

0.004 £+ 0.003 mg/kg/day 15 0.08-3.89 ug/g Levy et al. 2004

0.029 £ 0.029 mg/kg/day 15 0.81-6.38 pg/g

Teeth

Normal NA 190-300 ppm (total ash) Roholm 1937

Cryolite workers 5 1,100-5,300 ppm (total ash)

Enamel (0.44-0.48 pm depth)

0.09 (range, 0.06-0.11) mg/L 45 1,549 (728) ppm” Schamschula et al.

in drinking water 1985

0.82 (range, 0.5-1.1) mg/L in 53 2,511 (1,044) ppm”

drinking water

1.91 (range, 1.6-3.1) mg/LL 41 3,792 (1,362) ppm”

in drinking water

(Continued)
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TABLE 2-16 Continued

Number of
Fluoride Exposure Persons Fluoride Concentration Reference
Enamel (2.44-2.55 pm depth)
0.09 (range, 0.06-0.11) mg/L 45 641 (336) ppm” Schamschula et al.
in drinking water 1985
0.82 (range, 0.5-1.1) mg/L in 53 1,435 (502) ppm”
drinking water
1.91 (range, 1.6-3.1) mg/L 41 2,107 (741) ppm”
in drinking water
Enamel
0.7 or 1.0 mg/L in drinking 30 0-192 ng/g Vieira et al. 2005
water
Dentin
0.7 or 1.0 mg/L in drinking 30 59-374 ng/g Vieira et al. 2005
water
Bones
Normal NA 480-2,100 ppm in bone ash Roholm 1937
(ribs)
Cryolite workers 2 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
0.1-0.4 mg/L in drinking 33 326-2,390 ppm in bone ash® Zipkin et al. 1958
water
1.0 mg/L in drinking water 5 1,610-4,920 ppm in bone ash?
2.6 mg/L in drinking water 27 1,560-10,800 ppm in bone ash*
4.0 mg/L in drinking water ~ 4 4,780-11,000 ppm in bone ash’
< 0.2 mg/L in drinking water 8 1,379 (179) ppm in bone ash®  Eble et al. 1992
since infancy
1 mg/L in drinking water at 9 1,775 (313) ppm in bone ash®
least 23 years or since
infancy
0.27 mg/L in drinking water 59 625.7 (346.5) ppm”” Hac et al. 1997
and 2.8 pg/m’ in air
0.7 or 1.0 mg/L in drinking 30 0-396 ppm’ Vieira et al. 2005
water

“Previous exposure of 30-38 mg/day, 2-5 years before study.

’Mean and standard deviation.

“Reported as 0.019-0.119% in bone, with ash content of 43.2-68.4%.

“Reported as 0.100-0.238% in bone, with ash content of 45.9-62.2%.

‘Reported as 0.092-0.548% in bone, with ash content of 32.7-66.7%.

/Reported as 0.261-0.564% in bone, with ash content of 44.3-62.8%.

#Mean and standard error of the mean.

"Reported as pg fluoride per gram bone; appears to be dry weight of bone, not bone ash.
‘Measured by Instrumental Neutron Activation Analysis; appears to be wet weight of bone.
Abbreviations: NA, not available.
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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.'*

Concentrations of salivary fluoride (as excreted by the glands) are typically about two-
thirds of the plasma fluoride concentration and independent of the salivary flow rate (Rélla 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 non-
fluoridated 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 (» = 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

“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 long-
term 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, Corréa 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 (Corréa 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-year-
old 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 Gdansk
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 (» = 0.99); correlation between concentrations in urine
and hair or hair and nails was also positive but not as good (» =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 drinking-
water 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.
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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 (0.057-
0.071 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
0f 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 Description Reference
0.0014 “Adequate intake” for children < 6 months old” (0.01 mg/day)  IOM 1997; ADA
2005
0.01-0.04 Average daily dietary fluoride intake for children 0-2 years old  IOM 1997°
residing in nonfluoridated areas (< 0.4 mg/L)
0.017-0.031  Average daily intake by adults in a fluoridated area (1.2-2.2 NRC 1993
mg/day)”
0.017-0.054  Lower end of “safe and adequate daily dietary intake” for NRC 1989b
children 0-10 years? (0.1-1.5 mg/day)
0.019-0.033  Lower end of “safe and adequate daily dietary intake” for NRC 1989b
children > 10 years and adults’ (1.5 mg/day)
0.02-0.10 Average daily dietary fluoride intake for children 1-9 years McClure 1943°¢
residing in fluoridated areas (0.7-1.1 mg/L)
0.038-0.069  Upper end of “safe and adequate daily dietary intake” for NRC 1989b
children > 10 years and adults? (2.5-4.0 mg/day)
0.04-0.07 Average daily intake by children in a fluoridated area NRC 1993
0.05 “Adequate intake” for all ages above 6 months old*/ IOM 1997; ADA
2005
0.05 ATSDR’s minimal risk level® (chronic duration, based on ATSDR 2003
increased rate of bone fractures)”
0.05-0.13 Average daily dietary fluoride intake for children 0-2 years old  IOM 1997°
residing in fluoridated areas (0.7-1.1 mg/L)
0.05-0.07 “Optimal” intake to maximize caries prevention and minimize  Levy 1994; Heller et
the occurrence of dental fluorosis al. 1999, 2000
0.05-0.07 “Useful upper limit for fluoride intake in children” Burt 1992
0.057-0.071  “Health hazard” for adults (4-5 mg/day)* McClure et al. 1945
0.057 EPA’s SMCL (2 mg/l; adult intake)’ 40CFR 143.3[2001]
0.06 EPA’s reference dose’ (based on protection of children from EPA 1989
objectionable dental fluorosis)*
0.083-0.13 Upper end of “safe and adequate daily dietary intake” for NRC 1989b
children 0-10 years old” (0.5-2.5 mg/day)
0.10 “Tolerable upper intake™ for ages 0-8* (0.7-2.2 mg/day) IOM 1997; ADA
2005
0.10 EPA’s SMCL (2 mg/L; child intake)” 40CFR 143.3 [2001]
0.11 EPA’s MCLG and MCL (4 mg/L; adult intake)” 40CFR
141.62(b)[2001]
0.13-0.18 “Tolerable upper intake™ for ages > 14 (10 mg/day) IOM 1997; ADA
2005
0.2 EPA’s MCLG and MCL (4 mg/L; child intake)’ 40CFR
141.62(b)[2001]
0.25 “Tolerable upper intake™ for ages 9-13“ (10 mg/day) 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).
“Based on a 70-kg adult.

“Based on intakes and median weights listed by NRC (1989b); see Table B-16 in Appendix B.
“Summarized by IOM (1997).
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/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).
"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.
‘Based on intake of 2 L/day by a 70-kg adult of water containing fluoride at 2 mg/L.

/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).

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).

'Based on moderate enamel fluorosis (IOM 1997).

"Based on intake of 1 L/day by a 20-kg child of water containing fluoride at 2 mg/L.

"Based on intake of 2 L/day by a 70-kg adult of water containing fluoride at 4 mg/L.

“Based on skeletal fluorosis for adults and children > age 9 (IOM 1997).

PBased on intake of 1 L/day by a 20-kg child of water containing fluoride at 4 mg/L.
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FIGURE 2-8 Estimated average intake of fluoride from all sources, at I 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 (MCLGI/MCL; based on Table 2-10). Horizontal lines indicate
an intake of 0.05-0.07 mg/kg/day.

RECOMMENDATIONS

e 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.

e 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.

e 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
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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.

e 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.

« The possibility of biological effects of SiFs>, as opposed to free fluoride ion, should be
examined.

e 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.



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 (MCLGQ), including the accumulation of fluoride in bone,
pharmacokinetic modeling, cross-species extrapolation, and susceptible populations.
Consideration of biomarkers is provided in Chapter 2.

OVERVIEVW 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 pmol/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 Unit Equivalent
Water 1 ppm 1 mg/L
Plasma 1 umol/L 0.019 mg/L
Bone ash 1 ppm 1 mg/kg

73
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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 pK, 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, Ca;o(POs4)sF2, 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 Exposure”

Water Concentration, mg/L Average Iliac Crest Concentration, mg/kg Ash
0.1 665£224 (n=17)

1 2,249 £ 506 (n =4)

2.6 4,496 £ 2015 (n=25)

4 6,870 £ 1629 (n=4)

Total 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; (#* = 0.66); slope = 1549 (95% confidence interval [CI] = 1227, 1872).
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TABLE 3-3 Multiple Regression Results for Zipkin Data

Coefficient 95% CI P value
Intercept -556 mg/kg (-1,512, 401) 0.25
Water fluoride 1527 (1,224, 1,831) 2.7x 107"
Residence, years 26.5 mg/kg/year (7.48, 45.5) 0.007
Sex (M =0) 663 mg/kg (-148, 1,475) 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; Sggaard 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; CgF7SOs ) and
perfluorooctanoate (PFOA; C;F;sCOQO ). Both are straight-chain compounds with fluorine
substituted for aliphatic hydrogens. These compounds are biologically stable with long half-
lives, 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 pg/L of PFOS and 5 pg/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, CgF17SO,F) 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 (Hanhijarvi 1974, 1982; Parsons et al. 1975; Schiffl and Binswanger
1980; Waterhouse et al. 1980; Hanhijirvi and Penttild 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 (Hanhijarvi 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).

Hanhijérvi and Pentilld (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; Hanhijérvi 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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o 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.

e Improved and readily available pharmacokinetic models should be developed.

 Additional studies comparing pharmacokinetics across species are needed.

e More work is needed on the potential for release of fluoride by the metabolism of
organofluorines.






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
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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 (Ca;o(PO4)s(OH),) 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 Ca®"
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).

e “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).

e “ .. 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 Criteria

Normal (0) The enamel represents the usually translucent semivitriform type of structure. The
surface is smooth, glossy, and usually a pale creamy white color.

Questionable (0.5) 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.

Very mild (1) 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.

Mild (2) The white opaque areas in the enamel of the teeth are more extensive but do not
involve as much as 50% of the tooth.

Moderate (3) All enamel surfaces of the teeth are affected, and surfaces subject to attrition show
marked wear. Brown stain is frequently a disfiguring feature.

Severe (4) 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 Criteria

0 Normal translucency of enamel remains after prolonged air-drying.
1 Narrow white lines corresponding to the perikymata.
2 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.”

e 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.

e 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;
Alarcon-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.,
Mclnnes 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

1992 study 1994 study
Maximum TSIF score Number of children Percent Number of children  Percent
0 8 7.9 1 1.0
1 23 22.8 34 324
2 17 16.8 18 17.1
3 26 25.7 31 29.5
4 7 6.9 12 114
5 10 9.9 7 6.7
6 3 3.0 0 0.0
7 7 6.9 2 1.9
Total 101 100.0 105 100.0

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/L*

1980 study 1985 study
Age 8-10 Age 13-15 Age 8-10 Age 13-15
TSIF score (n=159) (n=34) (n=062) (n=29)
0 30.3 36.9 242 22.5
1 28.5 25.6 32.2 30.8
2 17.1 16.7 18.7 18.8
3 19.7 18.6 19.7 22.1
4 0.3 0.3 0.6 0.5
5 2.8 1.3 3.1 3.9
6 0.1 0.1 0.1 0.0
7 1.2 0.5 1.4 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

Age Number of Approximate water fluoride Mean
Reference (years) Year Community children concentration (mg/L) DMFS
Englander 12-15 NA  Kalamazoo, MI 315 1 5.1
and DePaola Stickney, IL 312 1 4.5
(1979) Charlotte, NC 213 1 4.4
Midland, TX 311 5-7 24
Driscoll et al.  8-11 1980 Kewanee, IL 157 1 2.0
(1983) Monmouth, IL 80 2 1.4
Abindgon and 110 3 1.0
Elmwood, IL
Bushnell, Ipavaand 77 4 1.6
Table Grove, IL
Driscoll etal. 12-16 1980 Kewanee, IL 179 1 4.1
(1983) Monmouth, IL 63 2 2.7
Abindgon and 82 3 2.0
Elmwood, IL
Bushnell, [pavaand 59 4 2.6
Table Grove, IL
Heifetz et al. 8-10 1985 Kewanee, IL 156 1 )
(1988) Monmouth, IL 102 2 1.1
Abindgon and 112 3 8
Elmwood, IL
Bushnell, Ipavaand 62 4 0.8
Table Grove, IL
Heifetz et al. 13-15 1985 Kewanee, IL 94 1 5.1
(1988) Monmouth, IL 23 2 2.9
Abindgon and 47 3 2.5
Elmwood, IL
Bushnell, Ipavaand 29 4 3.9
Table Grove, IL
Selwitz et al.  8-10, 1990 Kewanee, IL 258 1 1.8
(1995) 14-16 Monmouth, IL 105 2 1.4
Abindgon and 117 3 1.4
Elmwood, IL
Bushnell, Ipavaand 77 4 1.8
Table Grove, IL
Jacksonetal. 7-14 1992 Brownsburg, IN 117 1 4.4
(1995) Lowell, IN 101 4 4.3

NA: Not available.
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TABLE 4-7 Mean Number of Decayed, Missing, and Filled Permanent Tooth Surfaces (DMFS)
among Children with Severe and Mild to Moderate Enamel Fluorosis

Number of

Country (reference) Age (years) children Fluorosis index and range Mean DMFS
United States 8-16 218 Dean very mild to moderate 1.6

(Driscoll et al. 1986) 54 Dean severe 3.0

Israel 15-16 83 Dean very mild to moderate 4.4

(Mann et al. 1987) 46 Dean severe 10.4

Israel 8-10 55 Dean very mild to moderate 1.2

(Mann et al. 1990) 6 Dean severe 1.8

Turkey 12-14 24 TSIF 1-3 1.7

(Ermis et al. 2003) 105 TSIF 4-7 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

Number of Mean
Country (reference) Age (years) children Fluorosis index and range DMFT
Taiwan 6-16 1,290 Dean very mild to moderate 1.7
(Chen 1989) 10 Dean severe 2.5
Sri Lanka 14 44 Dean mild 34
(Warnakulasuriya et al. 1992) 48 Dean moderate to severe 33
Brazil 6-12 42 TFI 3-4 1.1
(Cortes et al. 1996) 18 TFI >5 1.3
Turkey 12-14 24 TSIF 1-3 1.2
(Ermis et al. 2003) 105 TSIF 4-7 1.3
Ethiopia 12-15 87 TFI 3-4 1.5
(Wondwossen et al. 2004) 89 TFI 5-7 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 Number of  Range of Dean’s
Country (reference)  (years) Teeth persons fluorosis index Measure (%)
Ethiopia 6-7,13- All Mild to moderate Cavities
(Olsson et al. 1979) 14 Severe 25
9
United States 8-16 All 218 Very mild to moderate Decayed or filled
(Driscoll et al. 1986) 54 Severe 4
20
United States 27-65 Molars 38 Mild to moderate Decayed, missing
(Eklund et al. 1987) 125 Severe or filled
43
40
Premolars 38 Mild to moderate 11
125 Severe 19
Anterior 38 Mild to moderate 3
125 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 4-
9), and for all teeth among children ages 6-7 and 13-14 in Ethiopia (Olsson et al. 1979, Table 4-
9).

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 I[OM
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 Tolerable Upper Intake (IOM 1997) Water Intake, mL/day (EPA 2004)
Fluoride, mg/day Water, mL/day (at 4 mg/L)  50th Percentile 75th Percentile

0-6 months 0.7 175 42 585

7-12 months 0.9 225 218 628

1-3 years 1.3 325 236 458

4-8 years 2.2 550 316° 574¢

“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 Water” from the Iowa Fluoride Study and
I0M’s Upper Tolerable Intakes

IOM Tolerable Upper Percentiles of lowa Fluoride Study Distribution (mg/day)

Age, months Intake (mg/day) 75th 90th Maximum
3 0.7 0.7 1.1 6.7
12 0.9 0.4 0.7 6.0
24 1.3 0.4 0.6 2.1
36 1.3 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.

e 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.

e More research is needed on the relation between fluoride exposure and dentin fluorosis
and delayed tooth eruption patterns.



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 bone-
resorbing 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
Cao(PO4)¢OH,. 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
(COs ) 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 Ca;o(PO4)cF, or Ca;o(PO4)sOHF. 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
AlF; or AlF4 . These forms (mostly AlF;) have been purported to cross the intestine and enter
cells (Powell and Thompson 1993). Once inside a bone cell the AlF 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; Segaard 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
uM. 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-like-
growth factor I or transforming growth factor ) 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 AIFy 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 AlF, which triggers the proliferation response. A novel tyrosine kinase, Pyk2, has been
identified that is known to be activated by AlFy 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 G-
protein-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 fluoride-
mediated 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 AlF,— 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 AlFy 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 pg/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/em’. Thus, the concentration of fluoride in the bone compartment is
approximately 5,500 pg/cm”.

3. An osteoclast resorbs bone at an average rate of about 30,000 um’ in 2.5 weeks.

4. The osteoclast is delivering fluoride to the extracellular fluid space from a point source
with a radius of 20 pum.

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 x 107
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

Cor,n= 54 1/ﬂ
2Dr\ =

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 um from the site (at the surface of the osteoclast)
would be about 5,500 pg/cm’. The concentration rapidly decays to zero in very short times at
distances greater than 100 pum 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 pg/cm’ at a distance of 250
um 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 pm 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 mineral-
collagen 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.
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The committee considered a number of factors as it evaluated the available data,
including the following:

e 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.

e 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 Akesson 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.

e 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.

e 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.
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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; Alarcon-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=1.0to 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 individual-
level 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. Self-
reports 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.
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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 =147, P=10.01, 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).

Alarcon-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 pmol 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

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

Relative Risk ~ Rate Ratio
Enrollment: Participation® (95% CI) (95% CI)
Exposed and  Exposed and Nonvertebral Nonvertebral
Exposure Placebo Placebo Fractures” Fracture®
Reginster et Fluoride at 20 mg/day as 100, 100 84%, 81% 1.1(0.5,2.4) 1.1(0.5,2.3)
al. 1998 sodium mono-
fluorophosphate, 4 years
Pak et al. NaF at 50 mg/day slow- 54, 56 77%, 72% 0.6 (0.2, 2.5)°
1995 release, 4 cycles:
12 months on, 2 months
off
Kleerekoper NaF at 75 mg/day, 4 46, 38 60%, 61% 1.5(0.7,3.5) 3.0 (2.0, 4.6)
etal. 1991 years “hot spots™
Riggsetal.  NaF at 75 mg/day, 4 101, 101 77%., 80% 1.6 (1.0,2.5) 1.9(1.1,3.2)
1990 years complete complete
2.5(1.7,3.7)  3.1(2.0,5.0)
total® total’
2.3 (0.6, 8.8)

complete, hip

“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.

“Rates were computed by dividing the number of incident fractures (possibly more than one per subject) by
participating person-time.

“The numbers that appear to have been used in the meta-analysis of Haguenauer et al. (2000); see their Figure 5.
“Areas of increased isotope uptake detected via radionuclide bone scan.

/In this study, total fractures = complete + incomplete “stress” fractures, the latter observed by roentgenography in
participants reporting acute lower extremity pain syndrome.

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-
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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.



132

-2Insodxa dwnJI U0 paseq ‘9Fe a8erdAe s[enba 3ud| amsodxd oFeroAy,
(1002) "Te 30 '] woyy are sdnoid 9soy) 10§ sansodxd pajewnsy,
(¢ 1ovdeyD) yse
3yy/Bw 009 INOQE dIE SUONEIUIOUOD dUOG PAJLUINSS SFLIOAL ) “QUOJE SUOHLIIUIIUOD IPLION[J I9JeM UO paseq ‘d[qe[ieAe Jou ainsodxa Jo (3ud] a5eIdAy,
(1007) T 12 1T ul syuedronued 103 parewnsa
se ‘sojer uondwnsuod 1ojem Y31y yyim 9jdoad J0J SUOILIIUOOUOD OPLION[] SUO] JO UOIIBWNSAIIPUN ISNEd AW SIY], "uondunsuod 1ojem Ul SOOUSIILIP
JUNOJJE OJUI 3B} JOU OP SIBWITISI 9SAY) ‘TOPOU UOISSAIZI AU} UT suonewul] Jo asneodq (¢ 11dey)) arnsodxa 19jem 0] [opowr UOISsAIZoI Jursn pojewinsg3
's1eak ¢ snd (aurjeseq) 986 [e 19 SIOMOS WOIJ SUIT) AOUSPISAI OFLIOAY
(9861) ‘Te 19 SIOMOS WOIJ BIIR J/SW- UI ()8 01 GS SOSR 10J ABIUI SPLION[J PAIRWIS OFRIOAY,
's1e0K {7 103 Pasodxad Josqns & Ul PAISLAUW UONLNUU0d duoq djewrxoiddy,
"OpLION[} JO ULIOJ 9[QR[IBABOI] SSI] B JO ISN ) JO 9SNBOIq PABWINSIIIAO A[qISSO(,
-2usodxd punoi3dyoeq Jo asnesdq
PojewSaIOpUN oq ABW SAIPMIS *S'() 10J SUONLNUIOU0D duog "2Insodxa [e30) uo paseq (¢ 1ydey)) sjern [eoruI]d 1oy [9POUI UOISSAITaT Fulsn pajewnsy,
"0191] 9Je AJ1]} SB [[BWS JIB SPPO UAYM [[BUS SI SBIQ I} ‘SYY JBUWIIISIIOA0 YO “BIep 1002 0} parjdde uoym,
0z 93e dous diy YO (200 =d) 9T°€

0 98 oouls ayis Aue YO (20'0=d) L¥'1 5000°11< 1143 A9 184! 1/8W L6°L 0V TEY
0z 23e douts dig YO (P€'0=d) €L'1
0¢ o3¢ douls ayis Aue YO (S€'0=d) 811 500T°9< 081 9 S8L /8w 95°€ 01 79T
100 Te1R 1]
UONBIUIIUOD
wnids 307 “ono10doaiso YO (99°0=4d) 911 (eare /3w §) 76 01 0 93V
0130]099 *011010d02150 YO (L0'0 =d) SS'T 4N 4N 4N 99°'¢ $00T 'Te 39 s1MOS
(eare /3w 1)
s1eaf ¢ “ourds/sum/dig JO (L 01 T'C 08 01 G aFe ourfaseq
sIeaA ¢ ‘axmoely Aue JO (¥'+ 01 1'C s00T°L ¥9 0S¢ 881 1661 Te 19 SI9MOg

SIIpPNIS [BUONBAIDSq()

s1eak 4 ‘dig ao1dwod W (8°8 ‘°9°0) €T
SIBIA {7 ‘[BIQIUOAUOU 8303 Y (L€ ‘L'T) ST
s1eak A000°C1T)

¥ ‘TeIqoroAUOU 93dwoo Y (ST °0°T) 9'1 Q00t°L 8¢ I'e 143 (VSN) 0661 Te 12 s33ry
s1eaK § ‘[eIqaMRAUOU YY ('€ °L°0) ST 400T°9 0€ v’ v€  (VSN) 1661 e 19 10doxja1aayy
SIeak /' ‘[e1qaMIAUOU Y (ST °T°0) 9°0 2400S°S ST 1'¢  (9SBI[aI-MO[S) €T (VSN $661 T8 10 Jed
$1e94 7 [RIGOMPAUOU Y ($'C °S°0) I'T J007°S T e 07 (wniS[ag) 8661 Te 10 11suIsay
S[eLn) [BOIUI[O PIZITUOPURY
(ID %S6) pue  (yse3y/Sw) (3) amnsodxy (s1eak) ainsodxyg (Kep/3ur) Q0UAIOJY

L,(J0) soney sppO 10 (YY) SYSIY 2Ane[dY apLion| duog 210l ySudT d8eroay ainsodxy apuony]

pajewnsyg payewnsyg

SIIPNIS [BUONBAIISq()
PUE S[BLI], [BOTUI]D) POZIWOPURY UI SYSIY dINJOLI,] JUOg PuUe SUONBIUIIUO)) dpLIon[] duog pajewnnsy $-S A TdV.L



MUSCULOSKELETAL EFFECTS 133

e 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.

e 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.

e 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.
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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: 0.05to 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.
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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 I1I 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 examinations' 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 1952% (Maier 1953;
Leone et al. 1954a,b; 1955b), a detail not mentioned in the radiographic study (Leone et al.

'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).
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1955a) but which could have affected its results and interpretation. Leone et al. (1954a,b;
1955Db) 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.’

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
Iliac Crest or Number of
Stage of Skeletal Fluorosis Pelvis Other Bones Individuals Reference
Preclinical Stage
Vague symptoms 4,100 2 Franke and Auermann 1972
4,300
Vague symptoms 3,500 to 4,500 Authors’ Franke et al. 1975
summary
Stage 0 to 1
Stage 0 to [ 5,000 1 Franke and Auermann 1972
Stage 0 to [ 6,900 (mean) 2 Schlegel 1974
Stage 0 to | 5,000 to 5,500 Authors’ Franke et al. 1975
summary
Stage 1
Stage [ 6,000 2 Franke and Auermann 1972
6,400
Stage [ 5,200 (mean) 8 Schlegel 1974
Stage 1 6,000 to 7,000 Authors’ Franke et al. 1975
summary
Stage 2
Second phase 9,200 3,100 to 1 Roholm 1937
9,900
Stage [ to 11 8,700 1 Franke and Auermann 1972
Stage 11 7,700 2 Franke and Auermann 1972
7,800
Stage 11 7,500 (mean) 9 Schlegel 1974
Stage 11 7,500 to 9,000 Authors’ Franke et al. 1975
summary
Stage 11 4,300 2,500 to 1 Dominok et al. 1984
4,700° 5,000
Stage 11 8,800 4,900 to 1 Dominok et al. 1984
8,900° 11,100
Stage I1 2,900 to 1 Dominok et al. 1984
4,400
Stage 3
Third phase 7,600 to 1 Roholm 1937
13,100
Stage 3 6,300 1 Singh and Jolly 1961
Stage 111 11,500 1 Franke and Auermann 1972
Crippling fluorosis 4,200 1 Teotia and Teotia 1973
Stage 11 8,400 1 Schlegel 1974
Stage 111 >10,000 Authors’ Franke et al. 1975

summary

(Continued)
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TABLE 5-6 Continued
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Fluoride Concentration in Bone

Ash, mg/kg in Bone Ash

Iliac Crest or Number of
Stage of Skeletal Fluorosis Pelvis Other Bones Individuals Reference
Stage 3
Stage I11 10,000 9,000 to 1 Dominok et al. 1984
11,700
Stage 11 9,100 4,200 to 1 Dominok et al. 1984
11,000
Stage 111 12,700 7,600 to 1 Dominok et al. 1984
12,900
Stage 111 8,600 8,500 to 1 Dominok et al. 1984
8,700° 12,400
Stage not given, or range of stages
Skeletal fluorosis 700 to 6,800° 10 Singh and Jolly 1961; see
(mean, 3,430) also Singh et al. 1961
Old fluorosis, 7 years 3,000 1 Franke and Auermann 1972
without fluoride exposure
Skeletal fluorosis 2,650 4 Teotia and Teotia 1973
3,780
4,750
5,850
Industrial fluorosis 5,617 (2,143)° 43 (54 Baud et al. 1978; Boillat et
samples) al. 1980
Endemic genu valgum 7,283 (416)* 20 (37 Krishnamachari 1982
samples)
Skeletal fluorosis 4,200 to 10,100 9 Boivin et al. 1986
Skeletal fluorosis 13,300 (2,700)° 6 Boivin et al. 1988 (summary
8,900 (3,400)° 5 of studiese)
6,900 (1,900)° 13
5,600 (2,100)° 54
6,600 (2,700)° 4
7,600 (4,800)° 14
Skeletal fluorosis 7,900 (3,600)° 29 Boivin et al. 1989; 1990/
(range: 4,200 to
22,000)
Admitted to hospital for 5,580 (980)° 7 Pettifor et al. 1989

skeletal pain or skeletal

deformities

(range: 4,430 to

6,790)

“Samples from right and left sides in same individual.
"Tibia or iliac crest; includes 1 case of stage III fluorosis listed separately above.
“Indicates mean and standard deviation.
“Indicates mean and standard error.

‘Includes some studies (or individuals from studies) listed separately above.
/Probably includes individuals from other studies listed above.
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TABLE 5-7 Reported Concentrations of Fluoride in Bone (Dry Fat-Free Material) in Cases of
Skeletal Fluorosis

Fluoride Concentration in Bone,
mg/kg in Dry Fat-Free Material

Stage of Skeletal Iliac Crest or Number of

Fluorosis Pelvis Other Bones Individuals  Reference

Preclinical stage

Vague symptoms 1,700 and 2,100 2 Franke and Auermann 1972

Stage 0 to 1

Stage 0 to | 1,900 1 Franke and Auermann 1972

Stage 0 to | 3,000 (mean) 5 Schlegel 1974

Stage 1

Early 5,000 to 7,000 1 Wolff and Kerr 1938 (cited in

Jackson and Weidmann 1958)

Early 6,260 and 2 Sankaran and Gadekar 1964
7,200

Stage 1 2,300 and 2,900 2 Franke and Auermann 1972

Stage | 3,200 (mean) 15 Schlegel 1974

Stage 2

Moderate 7,680 1 Sankaran and Gadekar 1964

Stage [ to 11 4,300 1 Franke and Auermann 1972

Stage 11 4,100 and 4,600 2 Franke and Auermann 1972

Stage 11 3,000 (mean) 18 Schlegel 1974

Stage 3

Skeletal fluorosis 8,600 1 Sankaran and Gadekar 1964

Advanced 8,800 and 2 Sankaran and Gadekar 1964
9,680

Stage 11 3,600 (mean) 4 Schlegel 1974

Stage not given

Old fluorosis, 7 years 1,700 1 Franke and Auermann 1972

without fluoride

exposure

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 I11
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

*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
Ca’") 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 Il 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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IT and stage I1I 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.

e 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).

e 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.






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 (3B-hydroxysteriod dehydrogenase
[HSD] and 17B-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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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 F; 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 group-
level 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).
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However, that study involved a comparison of a high-fluoride-exposed group and a low-fluoride-
exposed 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
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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).! 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

'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).

e 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.

e 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.



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 fluoride' 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).

'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 I1Q 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 1Q
distributions in the two villages were approximately the same. A follow-up study to determine
whether the lower 1Q 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 1Qs
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 1Q 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
1Q 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 1Qs of 160 children (ages 7-14) living in a high-
fluoride 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,
1Q 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 high-
exposure 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 1Q
of children from an area with low or no dental fluorosis. Urinary fluoride concentrations were
found to be inversely correlated with 1Q, 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
1Q 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 (Na,SiFs) or fluorosilicic
acid (H,SiFg) 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 positron-
emission 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 AIF complexes (AlF;). 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 AlF, 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 O, 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 AIF (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, wh