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Preface

In 1986, the U.S. Environmental Protection Agency (EPA) established a 
maximum-contaminant-level goal (MCLG) of 4 milligrams per liter (mg/L) 
and a secondary maximum contaminant level (SMCL) of 2 mg/L for �uoride 
in drinking water. These exposure values are not recommendations for the 
arti�cial �uoridation of drinking water, but are guidelines for areas in the 
United States that are contaminated or have high concentrations of natu-
rally occurring �uoride. 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 con-
sequences from exposure to �uoride. Both the MCLG and the SMCL are 
nonenforceable guidelines.

The regulatory standard for drinking water is the maximum contami-
nant level (MCL), which is set as close to the MCLG as possible, with the 
use of the best technology available. For �uoride, 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 �uoride and EPA’s 
MCL. It concluded that the MCL was an appropriate interim standard, 
but that further research was needed to �ll data gaps on total exposures to 
�uoride and its toxicity. Because new research on �uoride 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 �uoride 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 �uoride, 
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particularly data published since 1993, and exposure data on orally ingested 
�uoride 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 scienti�c basis of 
EPA’s MCLG and SMCL for �uoride, and their adequacy for protecting 
children and others from adverse health effects. The committee consid-
ers the relative contribution of various sources of �uoride (e.g., drinking 
water, food, dental hygiene products) to total exposure, and identi�es data 
gaps and makes recommendations for future research relevant to setting 
the MCLG and SMCL for �uoride. Addressing questions of economics, 
risk-bene�t 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 pro-
cedures approved by the NRC’s Report Review Committee. The purpose 
of this independent review is to provide candid and 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 con�dential to protect the integrity of the delibera -
tive 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 Uni-
versity 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 �nal 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 con-
sidered. Responsibility for the �nal content of this report rests entirely with 
the authoring committee and the institution.

The committee gratefully acknowledges the individuals who made pre-
sentations to the committee at its public meetings. They include Paul Con-

http://www.nap.edu/11571


PREFACE	 xv

nett, St. Lawrence University; Joyce Donohue, EPA; Steve Levy, University of 
Iowa; William Maas, Centers for Disease Control and Prevention; Edward 
Ohanian, EPA; Charles Turner, Indiana University; and Gary Whitford, 
University of Georgia. The committee also wishes to thank Thomas Burke, 
Johns Hopkins University; Michael Morris, University of Michigan; Bernard 
Wagner, Wagner and Associates; and Lauren Zeise, California Environmen-
tal Protection Agency, who served as consultants to the committee.

The committee is grateful for the assistance of the NRC staff in prepar-
ing the report. It particularly wishes to acknowledge the outstanding staff 
support from project director Susan Martel. We are grateful for her persis-
tence 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; Kul-
bir 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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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 consider-
ation other factors, such as treatment technology and costs. For some con-
taminants, 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 �uoride 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 �uoride allowed in drinking water. 
Because �uoride is well known for its use in the prevention of dental car-
ies, it is important to make the distinction here that EPA’s drinking-water 
guidelines are not recommendations about adding �uoride 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 �uoride.

In the early 1990s at the request of EPA, the National Research Council 
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(NRC) independently reviewed the health effects of ingested �uoride and 
the scienti�c basis for EPA’s MCL. It concluded that the MCL was an ap-
propriate interim standard but that further research was needed to �ll data 
gaps on total exposure to �uoride and its toxicity. Because new research on 
�uoride 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 �uoride 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, epidemiologic, and clinical data on �uoride—
particularly data published since the NRC’s previous (1993) report—and 
exposure data on orally ingested �uoride from drinking water and other 
sources. On the basis of its review, the committee was asked to evaluate 
independently the scienti�c 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 �uoride 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 �uoride. Addressing 
questions of arti�cial �uoridation, economics, risk-bene�t 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 �uoride, 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 col-
lective evidence from in vitro assays, animal research, human studies, and 
mechanistic information was used to assess whether multiple lines of evi-
dence indicate human health risks. The committee only considered adverse 
effects that might result from exposure to �uoride; it did not evaluate health 
risk from lack of exposure to �uoride or �uoride’s ef�cacy 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 �uoride should be lowered. Exposure at the 
MCLG clearly puts children at risk of developing severe enamel �uorosis, 
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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 pro -
tective against bone fractures. The basis for these conclusions is expanded 
upon below.

Exposure to Fluoride

The major sources of exposure to �uoride 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 �uoride concentrations of 2.0-3.9 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 mil -
lion people had arti�cially �uoridated water (0.7-1.2 mg/L).

Food sources contain various concentrations of �uoride and are the sec-
ond largest contributor to exposure. Beverages contribute most to estimated 
�uoride intake, even when excluding contributions from local tap water. The 
greatest source of nondietary �uoride is dental products, primarily tooth-
pastes. The public is also exposed to �uoride from background air and from 
certain pesticide residues. Other sources include certain pharmaceuticals and 
consumer products.

Highly exposed subpopulations include individuals who have high con-
centrations of �uoride in drinking water, who drink unusually large volumes 
of water, or who are exposed to other important sources of �uoride. 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 
�uoride treatments.

Overall, the committee found that the contribution to total �uoride 
exposure from �uoride 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 
�uoride, 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 indi -
viduals exposed to �uoride at 4 mg/L, total exposure ranges from 0.294 
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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 �uorosis 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 for-
mation, a period ranging from birth until about the age of 8. Whether to 
consider enamel �uorosis, 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 �uorosis, includ-
ing 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 �uorosis results in tooth loss; loss of tooth 
function; or psychological, behavioral, or social problems.

Severe enamel �uorosis is characterized by dark yellow to brown stain-
ing and discrete and con�uent pitting, which constitutes enamel loss. The 
committee �nds the rationale for considering severe enamel �uorosis only 
a cosmetic effect to be much weaker for discrete and con�uent 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 �uorosis 
compromises that health-protective function by causing structural damage 
to the tooth. The damage to teeth caused by severe enamel �uorosis is a toxic 
effect that is consistent with prevailing risk assessment de�nitions of adverse 
health effects. This view is supported by the clinical practice of �lling enamel 
pits in patients with severe enamel �uorosis and restoring the affected teeth. 
Moreover, the plausible hypothesis concerning elevated frequency of caries 
in persons with severe enamel �uorosis has been accepted by some authori-
ties, and the available evidence is mixed but generally supportive.

Severe enamel �uorosis occurs at an appreciable frequency, approxi-
mately 10% on average, among children in U.S. communities with water 
�uoride concentrations at or near the current MCLG of 4 mg/L. Thus, the 
MCLG is not adequately protective against this condition.

Two of the 12 members of the committee did not agree that severe 
enamel �uorosis 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 �uorosis, as experienced in 
the United States, and a person’s ability to function. They judged that dem-
onstration of enamel defects alone from �uorosis is not suf�cient to change 
the prevailing opinion that severe enamel �uorosis is an adverse cosmetic 
effect. Despite their disagreement on characterization of the condition, these 
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two members concurred with the committee’s conclusion that the MCLG 
should prevent the occurrence of this unwanted condition.

Enamel �uorosis 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 attractive-
ness. It is dif�cult to draw conclusions from these studies, largely because 
perception of the condition and facial attractiveness are subjective and cul-
turally in�uenced. The committee �nds that it is reasonable to assume that 
some individuals will �nd moderate enamel �uorosis 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 �uorosis as an adverse health effect on the basis of struc-
tural or psychological effects.

Since 1993, there have been no new studies of enamel �uorosis in U.S. 
communities with �uoride at 2 mg/L in drinking water. Earlier studies indi -
cated that the prevalence of moderate enamel �uorosis at that concentration 
could be as high as 15%. Because enamel �uorosis has different distribu-
tion patterns among teeth, depending on when exposure occurred during 
tooth development and on enamel thickness, and because current indexes 
for categorizing enamel �uorosis 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 �uoride’s effects on the musculoskeletal system histori-
cally have been and continue to be focused on skeletal �uorosis 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 �uoride, two pharmacokinetic models were developed to predict bone 
concentrations from chronic exposure to �uoride. Predictions based on these 
models were used in the committee’s assessments below.

Skeletal Fluorosis

Skeletal �uorosis is a bone and joint condition associated with prolonged 
exposure to high concentrations of �uoride. 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 signi�cantly 

http://www.nap.edu/11571


�	 FLUORIDE IN DRINKING WATER

affected, but it is characterized by chronic joint pain, arthritic symptoms, 
slight calci�cation of ligaments, and osteosclerosis of the cancellous bones. 
Whether EPA’s MCLG of 4 mg/L protects against these precursors to more 
serious mobility problems is unclear.

Few clinical cases of skeletal �uorosis in healthy U.S. populations 
have been reported in recent decades, and the committee did not �nd any 
recent studies to evaluate the prevalence of the condition in populations 
exposed to �uoride at the MCLG. Thus, to answer the question of whether 
EPA’s MCLG protects the general public from stage II and stage III skeletal 
�uorosis, the committee compared pharmacokinetic model predictions of 
bone �uoride concentrations and historical data on iliac-crest bone �uoride 
concentrations associated with the different stages of skeletal �uorosis. The 
models estimated that bone �uoride concentrations resulting from lifetime 
exposure to �uoride in drinking water at 2 mg/L (4,000 to 5,000 mg/kg ash) 
or 4 mg/L (10,000 to 12,000 mg/kg ash) fall within or exceed the ranges 
historically associated with stage II and stage III skeletal �uorosis (4,300 to 
9,200 mg/kg ash and 4,200 to 12,700 mg/kg ash, respectively). However, 
this comparison alone is insuf�cient for determining whether stage II or III 
skeletal �uorosis is a risk for populations exposed to �uoride at 4 mg/L, 
because bone �uoride concentrations and the levels at which skeletal �uoro-
sis occurs vary widely. On the basis of the existing epidemiologic literature, 
stage III skeletal �uorosis appears to be a rare condition in the United Sates; 
furthermore, the committee could not determine whether stage II skeletal 
�uorosis is occurring in U.S. residents who drink water with �uoride at 4 
mg/L. Thus, more research is needed to clarify the relationship between 
�uoride ingestion, �uoride concentrations in bone, and stage of skeletal 
�uorosis before any conclusions can be drawn.

Bone Fractures

Several epidemiologic studies of �uoride 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 
�uoride at 2 to 4 mg/L or greater and on clinical trials of �uoride (20-34 mg/
day) as a treatment for osteoporosis. Several strong observational studies in-
dicated an increased risk of bone fracture in populations exposed to �uoride 
at 4 mg/L, and the results of other studies were qualitatively consistent with 
that �nding. The one study using serum �uoride concentrations found no 
appreciable relationship to fractures. Because serum �uoride concentrations 
may not be a good measure of bone �uoride 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 
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fractures after 4 years of �uoride treatment. An increased risk of bone frac-
ture 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 �uoride differed between the observational 
studies and the clinical trials, bone �uoride 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 �uoride might increase bone 
volume, there is less strength per unit volume. Studies of rats indicate that 
bone strength begins to decline when �uoride 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 �uoride uptake, bone 
remodeling, and growth must be considered. Biochemical and physiological 
data indicate a biologically plausible mechanism by which �uoride could 
weaken bone. In this case, the physiological effect of �uoride on bone qual-
ity and risk of fracture observed in animal studies is consistent with the 
human evidence.

Overall, there was consensus among the committee that there is scien-
ti�c evidence that under certain conditions �uoride can weaken bone and 
increase the risk of fractures. The majority of the committee concluded that 
lifetime exposure to �uoride 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 �uoride into their bones (e.g., people with renal 
disease). However, 3 of the 12 members judged that the evidence only sup-
ports 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 popula-
tions exposed to �uoride 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 
�uoride at 2 mg/L in drinking water. The best available study, from Finland, 
suggested an increased rate of hip fracture in populations exposed to �uo-
ride at concentrations above 1.5 mg/L. However, this study alone is not suf-
�cient to judge fracture risk for people exposed to �uoride 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 
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overall quality of that database has improved signi�cantly. 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 �uoride exposure might be associated with alterations in reproductive 
hormones, effects on fertility, and developmental outcomes, but design 
limitations make those studies insuf�cient for risk evaluation.

Neurotoxicity and Neurobehavioral Effects

Animal and human studies of �uoride have been published reporting 
adverse cognitive and behavioral effects. A few epidemiologic studies of Chi-
nese populations have reported IQ de�cits in children exposed to �uoride at 
2.5 to 4 mg/L in drinking water. Although the studies lacked suf�cient detail 
for the committee to fully assess their quality and relevance to U.S. popula-
tions, the consistency of the results appears signi�cant enough to warrant 
additional research on the effects of �uoride on intelligence.

A few animal studies have reported alterations in the behavior of 
rodents after treatment with �uoride, but the committee did not �nd the 
changes to be substantial in magnitude. More compelling were studies on 
molecular, cellular, and anatomical changes in the nervous system found 
after �uoride 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 
�uoride on brain chemistry and function.

Endocrine Effects

The chief endocrine effects of �uoride exposures in experimental ani-
mals and in humans include decreased thyroid function, increased calcitonin 
activity, increased parathyroid hormone activity, secondary hyperparathy-
roidism, impaired glucose tolerance, and possible effects on timing of sexual 
maturity. Some of these effects are associated with �uoride intake that is 
achievable at �uoride 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 ad-
verse 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.
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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 drink-
ing water containing �uoride 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 �uoride at concentra-
tions greater than 4 mg/L can be irritating to the gastrointestinal system, 
affect renal tissues and function, and alter hepatic and immunologic param-
eters. Such effects are unlikely to be a risk for the average individual exposed 
to �uoride at 4 mg/L in drinking water. However, a potentially susceptible 
subpopulation comprises individuals with renal impairments who retain 
more �uoride than healthy people do.

Genotoxicity and Carcinogenicity

Many assays have been performed to assess the genotoxicity of �uoride. 
Since the 1993 NRC review, the most signi�cant 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 con�icting and do not contribute signi�cantly to the interpretation 
of the existing database. Evidence on the cytogenetic effects of �uoride at 
environmental concentrations is contradictory.

Whether �uoride might be associated with bone cancer has been a 
subject of debate. Bone is the most plausible site for cancer associated with 
�uoride because of its deposition into bone and its mitogenic effects on bone 
cells in culture. In a 1990 cancer bioassay, the overall incidence of osteo-
sarcoma in male rats exposed to different amounts of �uoride 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 insuf�cient power to counter the evidence for the trend 
found in the 1990 bioassay.

Several epidemiologic investigations of the relation between �uoride 
and cancer have been performed since the 1993 evaluation, including both 
individual-based and ecologic studies. Several studies had signi�cant meth-
odological limitations that made it dif�cult to draw 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 �uoride 
to initiate or promote cancers, particularly of the bone, is tentative and 
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mixed. Assessing whether �uoride constitutes a risk factor for osteosarcoma 
is complicated by the rarity of the disease and the dif�culty of characterizing 
biologic dose because of the ubiquity of population exposure to �uoride and 
the dif�culty of acquiring bone samples in nonaffected individuals.

A relatively large hospital-based case-control study of osteosarcoma and 
�uoride exposure is under way at the Harvard School of Dental Medicine 
and is expected to be published in 2006. That study will be an important 
addition to the �uoride 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 �uoride’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 �uoride, the committee concludes that EPA’s MCLG of 4 
mg/L should be lowered. Lowering the MCLG will prevent children from 
developing severe enamel �uorosis and will reduce the lifetime accumulation 
of �uoride into bone that the majority of the committee concludes is likely 
to put individuals at increased risk of bone fracture and possibly skeletal 
�uorosis, which are particular concerns for subpopulations that are prone 
to accumulating �uoride in their bones.

To develop an MCLG that is protective against severe enamel �uorosis, 
clinical stage II skeletal �uorosis, and bone fractures, EPA should update the 
risk assessment of �uoride to include new data on health risks and better es-
timates 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 �uorosis is very low (near zero) at �uo-
ride concentrations below 2 mg/L. From a cosmetic standpoint, the SMCL 
does not completely prevent the occurrence of moderate enamel �uorosis. 
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 �uorosis of aesthetic concern (discoloration of the front 
teeth) at that concentration. However, the degree to which moderate enamel 
�uorosis might go beyond a cosmetic effect to create an adverse psychologi-
cal 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 �uoride 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; �uoride 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 
bene�ts and risks that might occur at these lower concentrations of �uoride 
in drinking water.

RESEARCH NEEDS

As noted above, gaps in the information on �uoride prevented the 
committee from making some judgments about the safety or the risks of 
�uoride at concentrations of 2 to 4 mg/L. The following research will be 
useful for �lling those gaps and guiding revisions to the MCLG and SMCL 
for �uoride.

• �� Exposure assessment
	 — Improved assessment of exposure to �uoride from all sources is 

needed for a variety of populations (e.g., different socioeconomic condi-
tions). To the extent possible, exposures should be characterized for indi-
viduals rather than communities, and epidemiologic studies should group 
individuals by exposure level rather than by source of exposure, location of 
residence, or �uoride 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 nutri-
tional studies; in particular, analysis of �uoride in blood and urine samples 
taken in these surveys would be valuable.

• �� Pharmacokinetic studies
	 — The concentrations of �uoride in human bone as a function of ex-

posure concentration, exposure duration, age, sex, and health status should 
be studied. Such studies would be greatly aided by noninvasive means of 
measuring bone �uoride. Information is particularly needed on �uoride 
plasma and bone concentrations in people with small-to-moderate changes 
in renal function as well as in those with serious renal de�ciency.

	 — Improved and readily available pharmacokinetic models should 
be developed. Additional cross-species pharmacokinetic comparisons would 
help to validate such models.

• �� Studies of enamel �uorosis
	 — Additional studies, including longitudinal studies, should be done 

in U.S. communities with water �uoride concentrations greater than 1 mg/L. 
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These studies should focus on moderate and severe enamel �uorosis 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 �uorosis. 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 �uoride exposure 
and dentin �uorosis and delayed tooth eruption patterns.

• �� Bone studies
	 — A systematic study of clinical stage II and stage III skeletal �uoro-

sis should be conducted to clarify the relationship between �uoride inges-
tion, �uoride concentration in bone, and clinical symptoms.

	 — More studies of communities with drinking water containing 
�uoride 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 
�uoride concentrations should be measured in long-term residents.

• �� Other health effects
	 — Carefully conducted studies of exposure to �uoride 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 �uoride. It is important that exposures be appropriately 
documented.
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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 de�ned 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 �fteen service connections or regularly serves at least 
twenty-�ve 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 regu-
latory 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, cos-
metic, 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 �uoride, 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 
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occurring �uoride in drinking water; they are not recommendations about 
the practice of adding �uoride to public drinking-water systems (see below). 
In this report, the National Research Council’s (NRC’s) Committee on Fluo-
ride in Drinking Water reviews the nature of the human health risks from 
�uoride, 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 �uoride and 
of the SMCL for protecting against cosmetic effects. Assessing the ef�cacy 
of �uoride in preventing dental caries is not covered in this report.

This chapter brie�y reviews the sources of �uoride 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 organi-
zation of the report.

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 (arti�cial water �uoridation). EPA’s drinking water standards are 
restrictions on the amount of naturally occurring �uoride allowed in public 
water systems, and are not recommendations about the practice of water 
�uoridation. Recommendations for water �uoridation 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 �uoride-containing rocks and soils and leaching from 
soil into groundwater. Atmospheric deposition of �uoride-containing emis -
sions from coal-�red power plants and other industrial sources also contrib-
utes 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 �uoridated public water supplies in 1992, around 6.7 
million had �uoride concentrations less than or equal to 1.2 mg/L (CDC 
1993). Approximately 1.4 million had natural �uoride concentrations be -
tween 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 �uoride 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 �uoride in drinking 
water greater than 1.3 mg/L are all naturally contaminated. As discussed 
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below, a narrow concentration range of 0.7 to 1.2 mg/L is recommended 
when decisions are made to intentionally add �uoride into water systems. 
This lower range also occurs naturally in some areas of the United States. 
Information on the �uoride content of public water supplies is available 
from local water suppliers and local, county, or state health departments.

Arti�cial

Since 1945, �uoride has been added to many public drinking-water 
supplies as a public-health practice to control dental caries. The “optimal” 
concentration of �uoride 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 �uorosis, a dose-related mottling of teeth that 
can range from mild discoloration of the surface to severe staining and pit-
ting. Decisions about �uoridating 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 �uoridated water in 2000.

The practice of �uoridating water supplies has been the subject of 
controversy since it began (see reviews by Nesin 1956; Wollan 1968; Mc-
Clure 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). Oth-
ers claim that �uoride causes various adverse health effects and question 
whether the dental bene�ts outweigh the risks (Colquhoun 1997). Another 
issue of controversy is the safety of the chemicals used to �uoridate water. 
The most commonly used additives are silico�uorides, not the �uoride 
salts used in dental products (such as sodium �uoride and stannous �uo-
ride). Silico�uorides are one of the by-products from the manufacture of 
phosphate fertilizers. The toxicity database on silico�uorides is sparse and 
questions have been raised about the assumption that they completely dis-
sociate in water and, therefore, have toxicity similar to the �uoride 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 �uoride, it is dif�cult to ensure that the right individual dose 
to protect against dental caries is provided through large-scale water �uo-
ridation. In addition, a body of information has developed that indicates 
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the major anticaries bene�t of �uoride is topical and not systemic (Zero et 
al. 1992; Rölla and Ekstrand 1996; Featherstone 1999; Limeback 1999a; 
Clarkson and McLoughlin 2000; CDC 2001; Fejerskov 2004). Thus, it has 
been argued that water �uoridation 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 �uoridation has been an effective method for preventing dental decay 
(Newbrun 1989; Ripa 1993; Horowitz 1996; CDC 2001; Truman et al. 
2002). Water �uoridation 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 �uoridation over the decades it has been practiced, emphasizing that 
“[a] signi�cant advantage of water �uoridation is that all residents of a 
community can enjoy its protective bene�t. . . . A person’s income level or 
ability to receive dental care is not a barrier to receiving �uoridation’s health 
bene�ts” (Carmona 2004).

As noted earlier, this report does not evaluate nor make judgments about 
the bene�ts, safety, or ef�cacy of arti�cial water �uoridation. That practice 
is reviewed only in terms of being a source of exposure to �uoride.

HISTORY  OF EPA’S REGULATION  OF FLUORIDE

In 1975, EPA proposed an interim primary drinking-water regulation 
for �uoride of 1.4-2.4 mg/L. That range was twice the “optimal” range 
of 0.7-1.2 mg/L recommended by the U.S. Public Health Service for water 
�uoridation. EPA’s interim guideline was selected to prevent the occurrence 
of objectionable enamel �uorosis, mottling of teeth that can be classi�ed 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 ob-
jectionable enamel �uorosis to involve moderate to severe cases with dark 
stains and pitting of the teeth.

The history of EPA’s regulation of �uoride is documented in 50 Fed. 
Reg. 20164 (1985). In 1981, the state of South Carolina petitioned EPA 
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to exclude �uoride from the primary drinking-water regulations and to set 
only an SMCL. South Carolina contended that enamel �uorosis 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 Ter-
ritorial Health Of�cials supported the petition. After reviewing the issue, the 
U.S. Public Health Service concluded there was no evidence that �uoride 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 �uorosis 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 �uoride and to determine the concentrations at which 
adverse health effects would occur and an appropriate margin of safety to 
protect public health. A scienti�c committee convened by the surgeon gen-
eral concluded that exposure to �uoride 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 �uoride in drinking water 
did not exceed 4 mg/L. The committee further concluded that there was 
no scienti�c 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 gen-
eral concluded that osteosclerosis is not an adverse health effect and that 
crippling skeletal �uorosis was the most relevant adverse health effect when 
considering exposure to �uoride from public drinking-water supplies. He 
continued to support limiting �uoride concentrations to 2 mg/L to avoid 
objectionable enamel �uorosis (50 Fed. Reg. 20164 [1985]).

In 1984, NDWAC took up the issue of whether psychological and be-
havioral effects from objectionable enamel �uorosis should be considered 
adverse. The council concluded that the cosmetic effects of enamel �uorosis 
could lead to psychological and behavioral problems that affect the over-
all well-being of the individual. EPA and the National Institute of Mental 
Health convened an ad hoc panel of behavioral scientists to further evalu-
ate the potential psychological effects of objectionable enamel �uorosis. 
The panel concluded that “individuals who have suffered impaired dental 
appearance as a result of moderate or severe �uorosis are probably at in-
creased risk for psychological and behavioral problems or dif�culties” (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 �uoride be set at 2 mg/L (50 Fed. Reg. 20164 [1985]).
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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 �uorosis (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 �uorosis, the assumption that 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 �uoride 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 �uoride of 2 mg/L to prevent objec-
tionable enamel �uorosis in a signi�cant portion of the population (51 Fed. 
Reg. 11,396 [1986]). To set that guideline, EPA reviewed data on the inci-
dence of moderate and severe enamel �uorosis and found that, at a �uoride 
concentration of 2 mg/L, the incidence of moderate �uorosis 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 �uorosis that would be cosmetically objectionable. EPA established 
the SMCL as an upper boundary guideline for areas that have high concen-
trations of naturally occurring �uoride. EPA does not regulate or promote 
the addition of �uoride to drinking water. If �uoride in a community water 
system exceeds the SMCL but not the MCL, a notice about potential risk 
of enamel �uorosis 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 �uoride and EPA’s MCL. The NRC (1993) found 
EPA’s MCL of 4 mg/L to be an appropriate interim standard. Its report iden-
ti�ed inconsistencies in the �uoride toxicity database and gaps in knowledge. 
Accordingly, the NRC recommended research in the areas of �uoride intake, 
enamel �uorosis, bone strength and fractures, and carcinogenicity. A list of 
the speci�c recommendations from that report is provided in Box 1-1.

COMMITTEE ’S TASK

The Safe Drinking Water Act requires that EPA periodically review ex-
isting standards for water contaminants. Because of that requirement and 
new research on �uoride, EPA’s Of�ce of Water requested that the NRC 
reevaluate the adequacy of the MCLG and SMCL for �uoride 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 �uoride from drinking water and other sources (e.g., food, tooth-
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BOX 1-1 
Recommendations from NRC (1993) Report

Intake, Metabolism, and Disposition of Fluoride
 •�� Determine and compare intake of �uoride  from all sources, 
including �uoride-containing  dental products, in communities with �uo -
ridated and non�uoridated  water. That information would improve our 
understanding of trends in dental caries, enamel �uorosis,  and possibly 
other disorders or diseases.
 •�� Determine the effects of factors that affect human acid-base 
balance and urinary pH on the metabolic characteristics, balance, and 
tissue concentrations of �uoride.
 •�� Determine the metabolic characteristics of �uoride  in infants, 
young children, and the elderly.
 •�� Determine prospectively the metabolic characteristics of �uoride 
in patients with progressive renal disease.
 •�� Using preparative and analytical methods now available, de-
termine soft-tissue �uoride  concentrations and their relation to plasma 
�uoride  concentrations. Consider the relation of tissue concentrations to 
variables of interest, including past �uoride  exposure and age.
 •�� Identify the compounds that compose the “organic �uoride  pool” 
in human plasma and determine their sources, metabolic characteristics, 
fate, and biological importance.

Enamel Fluorosis
 •�� Identify sources of �uoride  during the critical stages of tooth 
development in childhood and evaluate the contribution of each source 
to enamel �uorosis.
 •�� Conduct studies on the relation between water �uoride  concen-
trations and enamel �uorosis  in various climatic zones.
 •�� Determine the lowest concentration of �uoride  in toothpaste that 
produces acceptable cariostasis.
 •�� Conduct studies on the contribution of ingested �uoride  and 
�uoride  applied topically to teeth to prevent caries.

Bone Fracture
 •�� Conduct a workshop to evaluate the advantages and disad-
vantages 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 �uoride  on 
bone.
 •�� Conduct additional studies of hip and other fractures in geo-

continued
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paste, dental rinses). On the basis of those reviews, the committee was asked 
to evaluate independently the scienti�c 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 �uoride 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 �uoride. Addressing questions 
of economics, risk-bene�t 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 
�uoridated. That expectation goes beyond the committee’s charge. As noted 
above, the MCLG and SMCL are guidelines for areas where �uoride con-

graphic areas with high and low �uoride  concentration in drinking water 
and make use of individual information about water consumption. These 
studies also should collect individual information on bone �uoride  con-
centrations and intake of �uoride  from all sources, as well as reproductive 
history, past and current hormonal status, intake of dietary and supple-
mental calcium and other cations, bone density, and other factors that 
might in�uence  the risk of hip fracture.

Carcinogenicity
 • Conduct one or more highly focused, carefully designed analyti-
cal 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 �uoride 
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 �uoride  in bone samples from patients and controls 
would be valuable in inferring total lifetime exposures to �uoride.  Among 
the disease outcomes that warrant separate study are osteosarcomas 
and cancers of the buccal cavity, kidney, and bones and joints.

BOX 1-1 
Continued
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centrations are naturally high. They are designed with the intent to protect 
the public from adverse health effects related to �uoride exposure and not 
as guidelines to provide health bene�ts.

COMMITTEE ’S APPROACH

To accomplish its task, the committee held six meetings between Au-
gust 2003 and June 2005. The �rst two meetings involved data-gathering 
sessions that were open to the public. The committee heard presentations 
from EPA, CDC, individuals involved in �uoride research, �uoridation sup -
porters, and anti�uoridation proponents. The committee also reviewed a 
large body of written material on �uoride, primarily focusing on research 
that was completed after publication of the 1993 NRC report. The avail-
able 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 �uoride is used in this report to refer 
to the inorganic, ionic form. Most of the nonepidemiologic studies reviewed 
involved exposure to a speci�ed �uoride compound, usually sodium �uo -
ride. Various units of measure are used to express exposure to �uoride 
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 consid-
ered 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, be-
cause 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 

TABLE 1-1   Units Commonly Used for Measuring Fluoride

Medium Unit Equivalent

Water 1 ppm 1 mg/L
Plasma 1 µmol/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; µmol/L, 
micromoles per liter; ppm, parts per million.
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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 �uoride in 
drinking water at the MCLG or SMCL.

In evaluating the effects of �uoride, consideration is given to the expo-
sure 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 �uoride exposures from various sources to different subgroups 
within the general population and to identify subpopulations that might be 
particularly susceptible to the effects of �uoride.

STRUCTURE OF THE  REPORT

The remainder of this report is organized into 10 chapters. Chapter 2 
characterizes the general public’s exposure to �uoride from drinking water 
and other sources. Chapter 3 provides a description of the chemistry of �uo-
ride and pharmacokinetic information that was considered in evaluating the 
toxicity data on �uoride. In Chapters 4-9, the committee evaluates the sci-
enti�c literature on adverse effects of �uoride 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 
�uoride. Finally, Chapter 11 provides an assessment of the most signi�cant 
health risks from �uoride in drinking water and its implications for the 
adequacy of EPA’s MCLG and SMCL for protecting the public.
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2

Measures of Exposure to Fluoride 
in the United States

The major sources of internal exposure of individuals to �uorides are 
the diet (food, water, beverages) and �uoride-containing dental products 
(toothpaste, �uoride supplements). Internal exposure to �uorides also 
can occur from inhalation (cigarette smoke, industrial emissions), dermal 
absorption (from chemicals or pharmaceuticals), ingestion or parenteral 
administration of �uoride-containing drugs, and ingestion of �uoride-con -
taining soil. Information on the pharmacokinetics of �uoride are provided 
in Chapter 3.

The National Research Council’s (NRC’s) 1993 review of the health ef-
fects of ingested �uoride reported estimates of average daily �uoride intake 
from the diet of 0.04-0.07 milligrams per kilogram (mg/kg) of body weight 
for young children in an area with �uoridated water (�uoride concentration 
in drinking water, 0.7-1.2 mg per liter [L]; NRC 1993). Dietary intake of 
�uoride by adults in an area with �uoridated 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 �uoride 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 �uoride from consumption of �uoridated 
water would result for individuals such as outdoor laborers in warm cli-
mates or people with high-urine-output disorders, but these intakes were not 
quanti�ed. Similarly, children and others with poor control of swallowing 
could have intakes of �uoride from dental products that exceed the dietary 
intakes, but these intakes also were not quanti�ed. Other factors cited as 
affecting individual �uoride intakes include changes in the guidelines for 
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�uoride supplementation and use of bottled water or home water puri� -
cation systems rather than �uoridated municipal water. The NRC (1993) 
recommended further research to “determine and compare the intake of 
�uoride from all sources, including �uoride-containing dental products, in 
�uoridated and non�uoridated communities.”

This chapter provides a review of the available information on �uoride 
exposures in the United States, including sources of �uoride exposure, in-
takes from various �uoride sources, and factors that could affect individual 
exposures to �uorides. 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 �uorine added to drinking water is in the form of �uo -
silicic acid (�uorosilicic acid, H 2SiF6) or the sodium salt (sodium �uosilicate, 
Na2SiF6), collectively referred to as �uorosilicates (CDC 1993); for some 
smaller water systems, �uoride is added as sodium �uoride (NaF). Fluoride 
in toothpaste and other dental products is usually present as sodium �uo-
ride (NaF), stannous �uoride (SnF2), or disodium mono�uorophosphate 
(Na2PO3F). Fluorine-containing pesticides and pharmaceuticals also con-
tribute to total �uorine exposures and are considered separately. Fluoride 
in food and drinking water usually is considered in terms of total �uorine 
content, assumed to be present entirely as �uoride ion (F–). Information on 
exposures to �uorosilicates and alumino�uorides is also included.

SOURCES OF FLUORIDE  EXPOSURE

Drinking Water

General Population

The major dietary source of �uoride for most people in the United States 
is �uoridated municipal (community) drinking water, including water con -
sumed directly, food and beverages prepared at home or in restaurants from 
municipal drinking water, and commercial beverages and processed foods 
originating from �uoridated 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 “�uoridated” could contain low 
concentrations of naturally occurring �uoride, 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 �uori-
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dated”� 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 �uoride that can be present in public drinking-water supplies to 4 mg/L 
(maximum contaminant level, or MCL) to protect against crippling skeletal 
�uorosis, with a secondary maximum contaminant level (SMCL) of 2 mg/L 
to protect against objectionable enamel �uorosis (40CFR 141.62(b)[2001], 
40CFR 143.3[2001]).

Of the 144 million people with �uoridated public water supplies in 
1992, approximately 10 million (7%) received naturally �uoridated water, 
the rest had arti�cially �uoridated water (CDC 2002c). Of the population 
with arti�cially �uoridated water in 1992, more than two-thirds had a water 
�uoride 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 �uoridated pub -
lic water supplies in 1992, approximately 67% had �uoride concentrations 
�b 1.2 mg/L (CDC 1993; see Appendix B). Approximately 14% had �uoride 
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 �uoride concen-
trations 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 
�uoride at �r 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 �uoride content of private water 
sources, but the variability can reasonably be expected to be high and to 

�The term optimally �uoridated water means a �uoride level of 0.7-1.2 mg/L; water �uoride 
levels are based on the average maximum daily air temperature of the area (see Appendix B).

�More recently (2000), CDC has estimated that 850,000 people are served by public water 
supplies containing �uoride in excess of 2 mg/L; of these, 152,000 people receive water contain-
ing �uoride in excess of 4 mg/L (unpublished data from CDC as reported in EPA 2003a). Based 
on analytical data from 16 states, EPA (2003a) estimates that 1.5-3.3 million people nationally 
are served by public water supplies with �uoride concentrations exceeding 2 mg/L; of these 
118,000-301,000 people receive water with �uoride concentrations greater than 4 mg/L.

�High-�uoride municipal waters are generally found in regions that have high �uoride 
concentrations in the groundwater or in surface waters. ATSDR (2003) has reviewed �uoride 
concentrations in environmental media, including groundwater and surface water. Fleischer 
(1962) and Fleischer et al. (1974) reported �uoride concentrations in groundwater by county 
for the coterminous United States.
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depend on the region of the country. Fluoride measured in well water in one 
study in Iowa ranged from 0.06 to 7.22 mg/L (mean, 0.45 mg/L); home-�l -
tered well water contained 0.02-1.00 mg/L (mean, 0.32 mg/L; Van Winkle et 
al. 1995). Hudak (1999) determined median �uoride concentrations for 237 
of 254 Texas counties (values were not determined for counties with fewer 
than �ve observations). Of the 237 counties, 84 have median groundwater 
�uoride concentrations exceeding 1 mg/L; of these, 25 counties exceed 2 
mg/L and �ve 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 �uoride intake.

Duperon et al. (1995) pointed out that �uoride concentrations reported 
by local water suppliers can be substantially different from concentrations 
measured in water samples obtained in homes. Use of home water �ltration 
or puri�cation systems can reduce the �uoride 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 �uoride. The extent of use of home wa-
ter �ltration or puri�cation systems nationally is not known but obviously 
would affect the �uoride 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 �ltration 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 �uoride is added and a maximum of 0.8-1.7 
mg/L if �uoride 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 �uoride concentrations for 
imported bottled water are 1.4 mg/L if no �uoride is added and 0.8 mg/L 
if �uoride is added (21CFR 165.110[2003]). Fluoride concentrations are 
required on labels in the United States only if �uoride is added. Fluoride con-
centrations 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 DeBiase 2003; Bottled Water Web 2004); of those without added �uo-
ride, most are below 0.6 mg/L. Most brands appear to list �uoride content 
only if they are speci�cally advertising the fact that their water is �uori -
dated; �uoride 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 

�The term “bottled water” applies to water intended for human consumption, containing 
no added ingredients besides �uoride or appropriate antimicrobial agents; the regulations ap-
ply to bottled water, drinking water, artesian water, artesian well water, groundwater, mineral 
water, puri�ed water, demineralized water, deionized water, distilled water, reverse osmosis 
water, puri�ed 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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that �uoride 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 �uoride concentrations in bottled water sold in the United 
States have varied from 0 to 1.36 mg/L (Nowak and Nowak 1989; Chan et 
al. 1990; Stannard et al. 1990; Van Winkle et al. 1995; Bartels et al. 2000; 
Lalumandier and Ayers 2000; Johnson and DeBiase 2003). Van Winkle et 
al. (1995) reported a mean of 0.18 mg/L for 78 commercial bottled waters 
in Iowa. Johnson and DeBiase (2003) more recently reported values ranging 
from 0 to 1.2 mg/L for 65 bottled waters purchased in West Virginia, with 
57 brands having values below 0.6 mg/L. Measured �uoride 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 (Toum-
ba 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 signi�cant variation in 
�uoride concentrations among samples of the same brand with different bot-
tling dates purchased in the same city. In general, distilled and puri�ed (re-
verse osmosis) waters contain very low concentrations of �uoride; 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 �uoride. Most 
spring water sold in the United States probably has a low �uoride content 
(<0.3 mg/L). Typical �uoride concentrations in various types of drinking 
water in the United States are summarized in Table 2-1.

Average per capita ingestion of community or municipal water is es-
timated 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 com-
munity 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) 

�The European Commission has set a maximum limit of 5.0 mg/L for �uoride in natural 
mineral waters, effective January 1, 2008 (EC 2003). In addition, natural mineral waters with 
a �uoride concentration exceeding 1.5 mg/L must be labeled with the words “contains more 
than 1.5 mg/L of �uoride: not suitable for regular consumption by infants and children under 
7 years of age,” and for all natural mineral waters, the actual �uoride 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).

�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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are assumed to be valid for the part of the population with �uoridated wa -
ter supplies, the intake of �uoride for a person with average consumption 
of community water (1 L/day) in a �uoridated 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 �uoride intake between 1.4 and 2.5 mg/day, from community water 
alone. Table 2-2 provides examples of �uoride 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 �uoridation 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 as-
sociation between water intake and month or season (Heller et al. 1999). 
Another recent study of American children aged 1-10 years also found no 
signi�cant relationship between water consumption and mean temperature 
in modern conditions (perhaps due to arti�cial temperature regulation) and 
suggested that the temperature-related guidelines for �uoride concentrations 
in drinking water be reevaluated (Sohn et al. 2001).

Actual intakes of �uoride from drinking water by individuals depend 
on their individual water intakes, the source or sources of that water, and 
the use of home water puri�cation or �ltration systems. As described earlier, 
�uoride concentrations in community water might vary from their reported 
concentrations; �uoride content of bottled water also varies considerably 
with brand or source, with packaging date for a given brand, and from 

TABLE 2-1   Typical Fluoride Concentrations of Major Types of Drinking 
Water in the United States

Source Range, mg/La

Municipal water (�uoridated) 0.7-1.2
Municipal water (naturally �uoridated) 0.7-4.0+
Municipal water (non�uoridated) <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 �uoride b 0.8-1.0
Distilled or puri�ed water <0.15

	 aSee text for relevant references.
	 bOther than “infant” or “nursery” water.
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information (if any) given on the labels or provided by the manufacturer. 
Private water sources (e.g., wells and cisterns) probably are even more vari-
able in �uoride content, with some regions of the country being especially 
high and others very low. A number of authors have pointed out the dif-
�culty doctors and dentists face in ascertaining individual �uoride intakes, 
just from drinking water (from all sources), for the purpose of prescribing 
appropriate �uoride 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).

High Intake Population Subgroups

EPA, in its report to Congress on sensitive subpopulations (EPA 2000b), 
de�nes 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 in-
sipidus; renal problems resulting in reduced clearance of �uoride; 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 speci�c 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 �uid per day (instant tea 
made with well water); no speci�c reason for her high �uid consumption 
is given.
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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 �uid consumption for athletes are concerned 
with matching �uid replacement to �uid 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 �uid, and the comfort of the athlete with respect to con-
tent of the gastrointestinal tract, �uid 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 �uid consump-
tion during the session (Convertino et al. 1996; Cox et al. 2002; Coris et 
al. 2004; Coyle 2004).

Total daily �uid 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 �uid intake of 6.8-8.8 
L/day, or 52-67 mL/kg/day for a 132-kg player�). While some players and 
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 �uid replacement for warm-weather training 
calls for 0.5-1 quart/hour (0.47-0.95 L/hour), depending on the tempera-
ture, humidity, and type of work (Kolka et al. 2003; USASMA 2003). In 
addition, �uid 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 tem-
perature (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.

�The player’s weight was obtained from the 2003 roster of the Cleveland Indians baseball 
team (http://cleveland.indians.mlb.com).
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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 �uid intakes than 
nondiabetic members of the population. The American Diabetes Associa-
tion (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 de�ned as passage of large volumes 
of urine, in excess of about 2 L/m2/day (approximately 150 mL/kg/day at 
birth, 110 mL/kg/day at 2 years, and 40 mL/kg/day in older children and 
adults) (Baylis and Cheetham 1998; Cheetham and Baylis 2002). Diabetes 
insipidus includes several types of disease distinguished by cause, including 
both familial and acquired disorders (Baylis and Cheetham 1998; Cheetham 
and Baylis 2002; Robinson and Verbalis 2002). Water is considered a thera-
peutic 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 (antidi-
uretic 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 diabe-
tes insipidus might ingest “enormous” quantities of �uid 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 
�uid 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 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).
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Five papers described enamel �uorosis in association with diabetes in-
sipidus or polydipsia (Table 2-3). Two of the papers described cases of enam-
el �uorosis in the United States resulting from �uoride 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 �uoride at 1.7 and 
2.6 mg/L also had roentgenographic bone changes consistent with “systemic 
�uorosis” � (Juncos and Donadio 1972). These patients and four other renal 
patients in the U.S. “in whom �uoride may have been the cause of detect-
able 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 �uoride concentrations around 1.7-3 mg/L.

Moderate and severe enamel �uorosis have been reported in diabetes 
insipidus patients in other countries with drinking water containing �uoride 
at 0.5 mg/L (Klein 1975) or 1 mg/L (Seow and Thomsett 1994), and severe 
enamel �uorosis with skeletal �uorosis has been reported with �uoride 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 non�uoridated source.

Table 2-4 provides examples of �uoride 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 counter-
parts in southern states. However, �uoridation 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 �uoride 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 �uoride ranging from <0.004 to 
0.097 mg/L. The mean concentration in milk from mothers in �uoridated 

�These two individuals also had impaired renal function, which could have increased their 
retention of �uoride (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 “�uoride 
toxicity in a community with acceptable �uoride concentration.”
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communities (1 mg/L in the water) was 0.0098 mg/L; in non�uoridated 
communities, the mean was 0.0044 mg/L). Fluoride concentrations were 
correlated with the presence of �uoride in the mother’s drinking water. 
Spak et al. (1983) reported mean �uoride concentrations in colostrum of 
0.0053 mg/L (0.28 μM/L) in an area in Sweden with �uoride at 0.2 mg/L 
in drinking water and 0.0068 mg/L (0.36 μM/L) in an area with �uoride at 
1.0 mg/L in the drinking water; in the �uoridated area, the mean �uoride 
concentration in mature milk was 0.007 mg/L (0.37 μM/L). No statistically 
signi�cant difference in milk �uoride concentration between the two areas 
was found.

Hossny et al. (2003) reported �uoride concentrations in breast milk of 
60 mothers in Cairo, Egypt, ranging from 0.002 to 0.01 mg/L [0.1-0.6 μM/L; 
median, 0.0032 mg/L (0.17 μM/L); mean, 0.0046 mg/L (0.24 μM/L)]. Cairo 
is considered non�uoridated, with a reported water �uoride concentration 
of 0.3 mg/L (Hossny et al. 2003). Opinya et al. (1991) found higher �uoride 
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 �uoride intake of 22.1 mg. However, even at very high �uo-
ride intakes by mothers, breast milk still contains very low concentrations 
of �uoride compared with other dietary �uoride sources. No signi�cant 
correlation was established between the �uoride in milk and the intake of 
�uoride in the Kenyan study (Opinya et al. 1991).

Cows’ milk likewise contains very low �uoride concentrations, com-
pared with other dietary sources such as drinking water. Dairy milk samples 
measured in Houston contained �uoride 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 �uoride than a sample of dairy 
milk, with a measured concentration of 0.491 mg/L (Liu et al. 1995).

Infant formulas vary in �uoride content, depending on the type of 
formula and the water with which it is prepared. Dabeka and McKenzie 
(1987) reported mean �uoride 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 for-
mulas, mean �uoride 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 
�uoride 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). Obvi-
ously, the �uoride concentration in home-prepared formula depends on 
the �uoride concentrations in both the formula concentrate and the home 
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drinking water. Fomon et al. (2000) have recommended using low-�uoride 
water to dilute infant formulas.

Heilman et al. (1997) found 0.01 to 8.38 μg of �uoride per g of prepared 
infant foods. The highest concentrations were found in chicken (1.05-8.38 
μg/g); other meats varied from 0.01 μg/g (veal) to 0.66 μg/g (turkey). Other 
foods—fruits, desserts, vegetables, mixed foods, and cereals—ranged from 
0.01 to 0.63 μg/g. The �uoride concentrations in most foods are attributable 
primarily to the water used in processing (Heilman et al. 1997); �uoride 
in chicken is due to processing methods (mechanical deboning) that leave 
skin and residual bone particles in the meat (Heilman et al. 1997; Fein and 
Cerklewski 2001). An infant consuming 2 oz (about 60 g) of chicken daily 
at 8 μg of �uoride per g would have an intake of about 0.48 mg (Heilman 
et al. 1997).

Tea can contain considerable amounts of �uoride, depending on the 
type of tea and its source. Tea plants take up �uoride 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 al. 2003). Fluoride 
accumulates mostly in the leaves of the tea plant, especially the mature or 
fallen leaves. Measured �uoride 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 �uoride 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 �uoride 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 �uorosis in some countries (Wong 
et al. 2003).

Chan and Koh (1996) measured �uoride contents of 0.34-3.71 mg/L 
(mean, 1.50 mg/L) in caffeinated tea infusions (made with distilled, deion-
ized water), 1.01-5.20 mg/L (mean, 3.19 mg/L) in decaffeinated tea infu-
sions, 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 �uoride 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 
�uoride 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 
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coffee had a mean �uoride content of 0.30 mg/L (all coffees tested were pre-
pared 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, �uoride content in tea or coffee as consumed will be higher 
if the beverage is made with �uoridated 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-
�avored drinks, iced-tea beverages, carbonated soft drinks, and alcoholic 
beverages. Kiritsy et al. (1996) reported �uoride concentrations in juices and 
juice-�avored drinks of 0.02-2.8 mg/L (mean, 0.56 mg/L) for 532 different 
drinks (including �ve 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 �uoride concentration (1.45 mg/L); upper 
limits on most kinds of juices exceeded 1.50 mg/L. Stannard et al. (1991) 
previously reported �uoride 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 �uoride concentrations is due primarily to variability in 
�uoride concentrations in the water used in manufacturing the product 
(Kiritsy et al. 1996). The high �uoride 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 �uoride concentrations from 0.02 to 1.28 
mg/L (mean, 0.72 mg/L) in 332 carbonated beverages from 17 production 
sites, all purchased in Iowa. In general, these concentrations re�ect 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 �uoride intakes from beverages (excluding milk and water) for 
children of 0.36, 0.54, and 0.60 mg, for ages 2-3, 4-6, and 7-10, respec-
tively; daily total �uid intake ranged from 970 to 1,240 mL, and daily 
beverage consumption ranged from 585 to 756 mL.

Burgstahler and Robinson (1997) reported �uoride contents of 0.23-
2.80 mg/L in California wines, with 7 of 19 samples testing above 1 mg/L; 
the �uoride in wine and in California grapes (0.83-5.20 mg/kg; mean, 2.71 
mg/kg) was attributed to the use of cryolite (Na3AlF6) as a pesticide in the 
vineyards. Martínez et al. (1998) reported �uoride concentrations from 0.03 
to 0.68 mg/L in wines from the Canary Islands; most �uoride concentrations 
in the wines were in the range of 0.10-0.35 mg/L. A maximum legal thresh-
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old of 1 mg/L for the �uoride concentration in wine has been established by 
the Of�ce International de la Vigne et du Vin (OIV 1990; cited by Martínez 
et al. 1998). Warnakulasuriya et al. (2002) reported mean �uoride concen-
trations of 0.08-0.71 mg/L in beers available in Great Britain; one Irish beer 
contained �uoride at 1.12 mg/L. Examples of �uoride intakes that could be 
expected in heavy drinkers (8-12 drinks per day) are given in Table 2-5.

R.D. Jackson et al. (2002) reported mean �uoride contents from 0.12 
μg/g (fruits) to 0.49 μg/g (grain products) in a variety of noncooked, nonre-
constituted foods (excluding foods prepared with water). Fluoride contents 
in commercial beverages (excluding reconstituted and fountain beverages) 
averaged 0.55 μg/g; those in milk and milk products averaged 0.31 μg/g. 
In the same study, �uoride contents in water, reconstituted beverages, and 
cooked vegetables and grain products (cereals, pastas, soups) differed sig-
ni�cantly between two towns in Indiana, one with a water �uoride content 
of 0.2 mg/L and one with an optimally �uoridated water supply (1.0 mg/L). 
Bottled fruit drinks, water, and carbonated beverages purchased in the two 
towns did not differ signi�cantly. The mean daily �uoride 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-�uoride 
town and 0.536 mg in the �uoridated town.

Dabeka and McKenzie (1995) reported mean �uoride contents in vari-
ous food categories in Winnipeg, ranging up to 2.1 μg/g for �sh, 0.61 μg/g 
for soup, and 1.15 μg/g for beverages; the highest single items were cooked 
veal (1.2 μg/g), canned �sh (4.6 μg/g), shell�sh (3.4 μg/g), cooked wheat 
cereal (1.0 μg/g), and tea (5.0 μg/g). Estimated dietary intakes (including 
�uoridated 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 esti-

TABLE 2-5   Examples of Fluoride Intakes by Heavy Drinkers from 
Alcoholic Beverages Alone

Beverage
Fluoride 
Concentration, mg/L

Fluoride Intake, mg/day

8 drinks per day 12 drinks per day

Beer (12-oz. cans or bottles) 0.5
1.0

1.4
2.8

2.1
4.3

Wine (5-oz. glasses) 0.3
1.0

0.35
1.2

0.53
1.8

Mixed drinks (1.5 oz. liquor 
+ 6.5 oz. mixer and ice)

0.7a

1.0a
1.1
1.5

1.6
2.3

	 aIn carbonated soda and ice.
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mated average dietary intake of �uoride was 1.76 mg/day; the food category 
contributing most to the estimated intake was beverages (80%).

Rojas-Sanchez et al. (1999) estimated �uoride intakes for children (aged 
16-40 months) in three communities in Indiana, including a low-�uoride 
community, a “halo” community (not �uoridated, but in the distribution 
area of a �uoridated community), and a �uoridated community. For �uoride 
in food, the mean intakes were 0.116-0.146 mg/day, with no signi�cant dif-
ference between communities. Intake from beverages was estimated to be 
0.103, 0.257, and 0.396 mg/day for the low-, halo, and high-�uoride com -
munities; differences between the towns were statistically signi�cant.

Apart from drinking water (direct and indirect consumption, as de-
scribed earlier), the most important foods in terms of potential contribution 
to individual �uoride 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 �uoride apart from any contribution from preparation or 
process water. Commercial beverages and infant formulas, however, greatly 
depend on the �uoride 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 �uoride concentra-
tions in most communities, on average.

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 —
Non�uoridated area 0.004 —
Cow’s milk �b0.07 —
Soy milk 0.5 —
Milk-based infant formula a �b0.2 —
Soy-based infant formulaa 0.2-0.3 —
Infant food—chicken — 1-8
Infant food—other — 0.01-0.7
Teaa 0.3-5 —
Herbal teaa 0.02-0.15 —
Coffeea 0.1-0.6 —
Grape juicea �b3 —
Other juices and juice drinksa �b1.5 —
Grapes — 0.8-5
Carbonated beverages 0.02-1.3 —
Wine 0.2-3 —
Beer 0.08-1 —

	 aNot including contribution from local tap water.
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Because of the wide variability in �uoride 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 �uo -
ride intake, a number of authors have suggested that such �uoride sources be 
considered in evaluating an individual’s need for �uoride supplementation 
(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 dif�culty in evaluating individual �uoride 
intake, given the wide variability of �uoride content among similar items 
(depending on point of origin, etc.), the wide distribution of many prod -
ucts, and the lack of label or package information about �uoride 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 of�ces. More than 90% 
of children ages 2-16 years surveyed in 1983 or 1986 used �uoride tooth-
paste (Wagener et al. 1992). Of these children, as many as 15% to 20% in 
some age groups also used �uoride 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 �uoride dentifrices.

Most toothpaste sold in the United States contains �uoride (Newbrun 
1992), usually 1,000-1,100 parts per million (ppm) (0.1-0.11%). 10 The 
amount of �uoride 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 �uoride 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 �uoride from the toothpaste as from food 
and �uoridated drinking water combined (Ophaug et al. 1985). Levy and 
Zarei-M (1991) reported estimates of 0.12-0.38 mg of �uoride ingested 
per brushing. Burt (1992) and Newbrun (1992) reported estimates of 0.27 

10Equivalent to 1-1.1 mg �uoride ion per gram of toothpaste. This may be expressed in 
various ways on the package, e.g., as 0.24% or 0.243% sodium �uoride (NaF), 0.76% or 
0.8% mono�uorophosphate (Na 2PO3F), or 0.15% w/v �uoride (1.5 mg �uoride ion per cubic 
centimeter of toothpaste).
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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 stud-
ies 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 percent-
age 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 �uoride 
intakes from toothpaste several times greater than the mean values, and 
some children probably get more than the recommended amount of �uoride 
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 �uoride per brushing for toothpaste with 0.1% �uoride), with 
the 90th percentile at 0.12 g of toothpaste (0.12 mg of �uoride) per brush-
ing (Barnhart et al. 1974).

Lewis and Limeback (1996) estimated the daily intake of �uoride from 
dentifrice (products for home use) to be 0.02-0.06, 0.008-0.02, 0.0025, 
and 0.001 mg/kg, for ages 7 months to 4 years, 5-11 years, 12-19 years, 
and 20+ years, respectively. Rojas-Sanchez et al. (1999) estimated �uoride 
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 �uoride 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 in-
take of �uoride from toothpaste, including decreasing the �uoride content in 

TABLE 2-7   Estimated Typical Fluoride Intakes from Toothpastea

Age Group, years Fluoride Intake, mg/day Age Group, years Fluoride Intake, mg/day

Infants < 0.5b 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 13-49c 0.1
Children 6-12 0.3

	 aBased on information reviewed by Levy et al. (1995a). Estimates assume two brushings 
per day with �uoride toothpaste (0.1% �uoride) and moderate rinsing.
	 bAssumes no brushing before 6 months of age.
	 cWomen of childbearing age.
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children’s toothpaste, discouraging the use of �uoride toothpaste by children 
less than 2 years old, avoiding �avored children’s toothpastes, encourag-
ing 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).

Topical applications of �uoride in a professional setting can lead to 
ingestion of 1.3-31.2 mg (Levy and Zarei-M 1991). Substantial ingestion 
of �uoride also has been demonstrated from the use of �uoride mouth rinse 
and self-applied topical �uoride gel (Levy and Zarei-M 1991). Heath et al. 
(2001) reported that 0.3-6.1 mg of �uoride (5-29% of total applied) was in -
gested by young adults who used gels containing 0.62-62.5 mg of �uoride.

Levy et al. (2003a) found that two-thirds of children had at least one 
�uoride 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 �uoride is used mostly for children with moderate 
to high risk for caries. In contrast, Eklund et al. (2000), in a survey of in-
surance claims for more than 15,000 Michigan children treated by 1,556 
different dentists, found no association between the frequency of use of 
topical �uoride (professionally applied) and restorative care. Although these 
were largely low-risk children, for whom routine use of professionally ap-
plied �uoride is not recommended, two-thirds received topical �uoride at 
nearly every of�ce visit. The authors recommended that the effectiveness of 
professionally applied topical �uoride products in modern clinical practice 
be evaluated.

Exposures from topical �uorides during professional treatment are un-
likely to be signi�cant contributors to chronic �uoride 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 �uoride 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 maximiz-
ing the retention in saliva to maximize the topical bene�t of the �uoride. 
Sjögren and Melin (2001) were also concerned about enhancing the reten-
tion of �uoride in saliva and recommend minimal rinsing after toothbrush -
ing. However, �uoride in saliva eventually will be ingested, so enhancing the 
retention of �uoride in saliva after dentifrice use also enhances the ingestion 
of �uoride from the dentifrice.

Fluoride supplements (NaF tablets, drops, lozenges, and rinses) are in-
tended for prescriptions for children in low-�uoride areas; dosages generally 
range from 0.25 to 1.0 mg of �uoride/day (Levy 1994; Warren and Levy 
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1999). Appropriate dosages should be based on age, risk factors (e.g., high 
risk for caries), and ingestion of �uoride 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 �uoride supplements has also been identi�ed as a risk 
factor for enamel �uorosis (Dillenberg et al. 1992; Levy and Muchow 1992; 
Levy 1994; Pendrys and Morse 1995; Warren and Levy 1999).

The dietary �uoride 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 con-
tains at least 0.6 mg/L (Record et al. 2000; ADA 2005; Table 2-8). Further 
changes in recommendations for �uoride supplements have been suggested 
(Fomon and Ekstrand 1999; Newbrun 1999; Fomon et al. 2000), includ-
ing 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 �uoride 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 con-
tains at least 0.3 mg/L or who are less than 6 months old (Limeback et al. 
1998; Limeback 1999b).

Fluoride in Air

Fluoride (either as hydrogen �uoride, particulate �uorides, or �uorine 
gas) is released to the atmosphere by natural sources such as volcanoes11 and 
by a number of anthropogenic sources. In North America, anthropogenic 
sources of airborne �uoride include coal combustion by electrical utilities 
and other entities, aluminum production plants, phosphate fertilizer plants, 
chemical production facilities, steel mills, magnesium plants, and manufac-
turers of brick and structural clay (reviewed by ATSDR 2003). Estimated 
airborne releases of hydrogen �uoride 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 �uorine 
gas totaled about 9,000 pounds or 4,100 kg (TRI 2003). Anthropogenic 
hydrogen �uoride 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).

11Volcanic 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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Measured �uoride concentrations in air in the United States and Canada 
typically range from 0.01 to 1.65 μg/m3, with most of it (75%) present as 
hydrogen �uoride (CEPA 1996). The highest concentrations (>1 μg/m3) 
correspond to urban locations or areas in the vicinity of industrial opera-
tions. Historically, concentrations ranging from 2.5 to 14,000 μg/m3 have 
been reported near industrial operations in various countries (reviewed 
by EPA 1988). Ernst et al. (1986) reported an average concentration of 
airborne �uoride of about 600 μg/m3 during the 1981 growing season in a 
rural inhabited area (Cornwall Island) on the U.S.-Canadian border directly 
downwind from an aluminum smelter. Hydrogen �uoride is listed as a haz-
ardous 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 �uoride emissions from primary and sec-
ondary aluminum production, phosphoric acid manufacture and phosphate 
fertilizer production, and hydrogen �uoride production (ATSDR 2003).

For most individuals in the United States, exposure to airborne �uoride 
is expected to be low compared with ingested �uoride (EPA 1988); excep-
tions include people in heavily industrialized areas or having occupational 
exposure. Assuming inhalation rates of 10 m3/day for children and 20 
m3/day for adults, �uoride exposures from inhalation in rural areas (<0.2 
μg/m3 �uoride) would be less than 2 μg/day (0.0001-0.0002 mg/kg/day) 
for a child and 4 μg/day (0.00006 mg/kg/day) for an adult. In urban areas 
(<2 μg/m3), �uoride exposures would be less than 20 μg/day (0.0001-0.002 
mg/kg/day) for a child and 40 μg/day (0.0006 mg/kg/day) for an adult. 
Lewis and Limeback (1996) used an estimate of 0.01 μg/kg/day (0.00001 
mg/kg/day) for inhaled �uoride for Canadians; this would equal 0.1 μg/day 
for a 10-kg child or 0.7 μg/day for a 70-kg adult.

Occupational exposure at the Occupational Safety and Health Admin-
istration (OSHA) exposure limit of 2.5 mg/m 3 would result in a �uoride 
intake of 16.8 mg/day for an 8-hour working day (0.24 mg/kg/day for a 

TABLE 2-8  Dietary Fluoride Supplement Schedule of 1994

Age

Fluoride Concentration in Drinking Water, mg/L

< 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 2005, American Dental 
Association.
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70-kg person) (ATSDR 2003). Heavy cigarette smoking could contribute 
as much as 0.8 mg of �uoride per day to an individual (0.01 mg/kg/day for 
a 70-kg person) (EPA 1988).

Fluoride in Soil

Fluoride in soil could be a source of inadvertent ingestion exposure, 
primarily for children. Typical �uoride 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 �uorine-containing minerals (reviewed by ATSDR 
2003). Mean or typical concentrations in the United States are on the order 
of 300-430 ppm. Soil �uoride content may be higher in some areas due to 
use of �uoride-containing phosphate fertilizers or to deposition of airborne 
�uoride 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 �uoride concentration in soil of 400 ppm, 
therefore, estimated intakes of �uoride 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 Bu-
chanan (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 �uoride concentration in soil of 430 ppm. In their estimates, 
�uoride intake from soil was 5-9 times lower than that from �uoridated 
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 �uoride intake from 
soil containing �uoride 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 speci�cally with respect to soil or 
dirt appears to be relatively rare but is known to occur (EPA 1997); however, 
�uoride intake from soil for a child with pica could be a signi�cant contribu -
tor to total �uoride intake. For most children and for adults, �uoride intake 
from soil probably would be important only in situations in which the soil 
�uoride content is high, whether naturally or due to industrial pollution.

Pesticides

Cryolite and sulfuryl �uoride are the two pesticides that are regulated 
for their contribution to the residue of inorganic �uoride in foods. For food 
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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, cryo-
lite breaks down to �uoride, which is the basis for the safety evaluation 
of cryolite and synthetic cryolite pesticides (EPA 1996a). Fluoride ions 
are also degradation products of sulfuryl �uoride (EPA 1992). Thus, the 
recent evaluation of the dietary risk of sulfuryl �uoride use on food takes 
into account the additional exposure to �uoride from cryolite (EPA 2004). 
Sulfuryl �uoride is also regulated as a compound with its own toxicologic 
characteristics.

Cryolite, sodium hexa�uoroaluminate (Na 3AlF6), 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 respec-
tive �uoride ion concentrations from a 200 ppm aqueous synthetic cryolite 
(97.3% 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 �uorine) (EPA 
1996a). A list of tolerances for the insecticidal �uorine compounds cryolite 
and synthetic cryolite is published in the Code of Federal Regulations (40 
CFR § 180.145(a, b, c) [2004]). Current tolerances for all commodities are 
at 7 ppm.

Sulfuryl �uoride (SO 2F2), 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 �uoride 
use as a post-harvest fumigant for grains, �eld 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 
�uoride residential fumigation might retain signi�cant amounts of �uoride 
residue. Scheffrahn et al. (1989) reported that unsealed freezer foods con-
tained �uoride at as high as 89.7 ppm (�our, at 6,803 mg-hour/L rate of 
sulfuryl �uoride application) while no �uoride residue was detected (0.8 
ppm limit of detection) in foods that were sealed with polyethylene �lm. A 
later study reported �uoride 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 
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�uoride was recently conducted for supporting the establishment of toler-
ances for the post-harvest use of sulfuryl �uoride. EPA (2004) used the Di-
etary Exposure Evaluation Model (DEEM-FCID), a computation program, 
to estimate the inorganic �uoride exposure from cryolite, sulfuryl �uoride, 
and the background concentration of �uoride in foods. DEEM-FCID (Ex -
ponent, 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, �our, 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 �uoride were 
included in the recent EPA �uoride dietary exposure analysis (EPA 2004). 
For the analysis of �uoride exposure from cryolite, residue data taken from 
monitoring surveys, �eld studies, and at tolerance were adjusted to re�ect 
changes in concentration during food processing (e.g., mixing in milling, 
dehydration, and food preparation). For the �uoride exposure from post-
harvest treatment with sulfuryl �uoride, the measured residues are used 
without further adjustment except for applying drawdown factors in grain 
mixing (EPA 2004). In estimating �uoride exposure from both cryolite- and 
sulfuryl �uoride-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 �uoride 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 
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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 quanti�cation when residue is not detected) 
such that the overall dietary exposure was considered overestimated (EPA 
2004). The dietary �uoride 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 �uoride, and 0.005 to 0.0175 mg/kg/day from background con -
centration 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 signi�cantly different from the analysis by EPA, 
except for the �uoride intake from tea. A closer examination of the residue 
pro�le used by EPA (2004) for background food exposure analysis reveals 
that 5 ppm, presumably a high-end �uoride concentration in brewed tea, 
was entered in the residue pro�le that called for �uoride concentration in 
powdered or dried tea. According to the USDA survey database (2004), the 
highest detected �uoride 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 �uorine (e.g., –CF3, –SCF3, –OCF3). Unlike chlorine, bromine, and 
iodine, organic �uorine 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 tri�uoromethyl 
group contribute to the enhanced biological activity of some pharmaceuti-
cal chemicals.

The toxicity of �uorinated organic chemicals usually is related to their 
molecular characteristics rather than to the �uoride ions metabolically 
displaced. Fluorinated organic chemicals go through various degrees of bio-
transformation before elimination. The metabolic transformation is minimal 
for some chemicals. For example, the urinary excretion of cipro�oxacin 
(�uoroquinolone antibacterial agent) consists mainly of the unchanged par-
ent compound or its �uorine-containing metabolites (desethylene-, sulfo-, 
oxo-, and N-formyl cipro�oxacin) (Bergan 1989). Nevertheless, Pradhan et 
al. (1995) reported an increased serum �uoride concentration from 4 μM 
(0.076 ppm) to 11 μM (0.21 ppm) in 19 children from India (8 months to 
13 years old) within 12 hours after the initial oral dose of cipro�oxacin 
at 15-25 mg/kg. The presumed steady state (day 7 of repeated dosing) 24-
hour urinary �uoride concentration was 15.5% higher than the predosing 
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concentration (59 μM versus 51 μM; or, 1.12 ppm versus 0.97 ppm). An-
other example of limited contribution to serum �uoride concentration from 
pharmaceuticals was reported for �ecainide, an antiarrhythmic drug. The 
peak serum �uoride concentration ranged from 0.0248 to 0.0517 ppm (1.3 
to 2.7 μM) in six healthy subjects (26-54 years old, three males, and three 
females) 4.5 hours after receiving a single oral dose of 100 mg of �ecainide 
acetate (Rimoli et al. 1991). One to two weeks before the study, the subjects 
were given a poor �uoride diet, used toothpaste without �uoride, and had 
low �uoride (0.08 mg/L) in their drinking water.

Other �uoride-containing organic chemicals go through more extensive 
metabolism that results in greater increased bioavailability of �uoride ion. 
Elevated serum �uoride concentrations from �uorinated anesthetics have 
been extensively studied because of the potential nephrotoxicity of methoxy-
�urane in association with elevated serum �uoride concentrations beyond a 
presumed toxicity benchmark of 50 μM (Cousins and Mazze 1973; Mazze 
et al. 1977). A collection of data on peak serum �uoride ion concentrations 
from exposures to halothane, en�urane, iso�urane, and sevo�urane is given 
in Appendix B. These data serve to illustrate a wide range of peak concentra-
tions 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-speci�c characteristics (e.g., biotransfor-
mation pattern and rates). It is not clear how these episodically elevated 
serum �uoride ion concentrations contribute to potential adverse effects of 
long-term sustained exposure to inorganic �uoride from other media, such 
as drinking water, foods, and dental-care products.

Elevated free �uoride ion (< 2% of administered dose) also was detected 
in the plasma and urine of some patients after intravenous administration 
of �uorouracil (Hull et al. 1988). Nevertheless, the major forms of urinary 
excretion were still the unchanged parent compound and its �uorine-con-
taining metabolites (dihydro�uorouracil, �A-�uoro- �B-ureidopropanoic acid, 
�A-�uoro- �B-alanine). The extent of dermal absorption of topical �uorouracil 
cream varies with skin condition, product formulation, and the conditions 
of use. Levy et al. (2001a) reported less than 3% systemic �uorouracil ab-
sorption in patients treated with 0.5% or 5% cream for actinic keratosis.

A group of widely used consumer products is the �uorinated telomers 
and polytetra�uoroethylene, or Te�on. EPA is in the process of evaluating 
the environmental exposure to low concentrations of per�uorooctanoic acid 
(PFOA) and its principal salts that are used in manufacturing �uoropoly-
mers 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 
�uoride concentrations in rats that received intraperitoneal injections of 
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PFOA also indicated a lack of de�uorination (Vanden Heuvel et al. 1991). 
(See Chapter 3 for more discussion of PFOA.)

Alumino�uorides, Beryllo�uorides, and Fluorosilicates

Alumino�uorides and Beryllo�uorides

Complexes of aluminum and �uoride (alumino�uorides, most often 
AlF3 or AlF4

–) or beryllium and �uoride (beryllo�uorides, usually as BeF 3
–) 

occur when the two elements are present in the same environment (Stru-
necka and Patocka 2002). Fluoroaluminate complexes are the most com-
mon forms in which �uoride 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 �uoride is cryolite 
(Na3AlF6). In fact, of the more than 60 metals on the periodic chart, Al3+ 
binds �uoride most strongly (Martin 1988). With the increasing prevalence 
of acid rain, metal ions such as aluminum become more soluble and enter 
our day-to-day environment; the opportunity for bioactive forms of AlF to 
exist has increased in the past 100 years. Human exposure to alumino�uo-
rides can occur when a person ingests both a �uoride source (e.g., �uoride 
in drinking water) and an aluminum source; sources of human exposure 
to aluminum include drinking water, tea, food residues, infant formula, 
aluminum-containing antacids or medications, deodorants, cosmetics, and 
glassware (ATSDR 1999; Strunecka and Patocka 2002; Li 2003; Shu et al. 
2003; Wong et al. 2003). Aluminum in drinking water comes both from 
the alum used as a �occulant or coagulant in water treatment and from 
leaching of aluminum into natural water by acid rain (ATSDR 1999; Li 
2003). Exposure speci�cally to alumino�uoride 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).

Alumino�uoride and beryllo�uoride complexes appear to act as ana-
logues of phosphate groups—for example, the terminal phosphate of 
guanidine triphosphate (GTP) or adenosine triphosphate (ATP) (Chabre 
1990; Antonny and Chabre 1992; Caverzasio et al. 1998; Façanha and 
Okorokova-Façanha 2002; Strunecka and Patocka 2002; Li 2003). Thus, 
alumino�uorides might in�uence the activity of a variety of phosphatases, 
phosphorylases, and kinases, as well as the G proteins involved in biologi-
cal signaling systems, by inappropriately stimulating or inhibiting normal 
function of the protein (Yatani and Brown 1991; Caverzasio et al. 1998; 
Façanha and Okorokova-Façanha 2002; Strunecka and Patocka 2002; Li 
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2003). Alumino�uoride complexes have been reported to increase the con-
centrations of second messenger molecules (e.g., free cytosolic Ca2+, inositol 
1,4,5-trisphosphate, and cyclic AMP) for many bodily systems (Sternweis 
and Gilman 1982; Strunecka et al. 2002; Li 2003). The increased toxicity 
of beryllium in the presence of �uoride and vice versa was noted as early 
as 1949 (Stokinger et al. 1949). For further discussion of alumino�uorides, 
see Chapters 5 and 7.

Further research should include characterization of both the exposure 
conditions and the physiological conditions (for �uoride and for aluminum 
or beryllium) under which alumino�uoride and beryllo�uoride complexes 
can be expected to occur in humans as well as the biological effects that 
could result.

Fluorosilicates

Most �uoride in drinking water is added in the form of �uosilicic acid 
(�uorosilicic acid, H 2SiF6) or the sodium salt (sodium �uosilicate, Na2SiF6), 
collectively referred to as �uorosilicates (CDC 1993). Of approximately 
10,000 �uoridated water systems included in the CDC’s 1992 �uorida -
tion census, 75% of them (accounting for 90% of the people served) used 
�uorosilicates. This widespread use of silico�uorides has raised concerns 
on at least two levels. First, some authors have reported an association 
between the use of silico�uorides 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 silico�uorides 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 chlo-
ramines (instead of chlorine as a disinfectant) and silico�uorides (Allegood 
2005; Clabby 2005; Maas et al. 2005).12,13 Macek et al. (2006) have also 
compared blood lead concentrations in children by method of water �uori-
dation; they stated that their analysis did not support an association between 
blood lead concentrations and silico�uorides, but also could not refute it, 

12In common practice, chloramines are produced with an excess of ammonia, which ap-
pears to react with silico�uorides to produce an ammonium-�uorosilicate intermediate which 
facilitates lead dissolution from plumbing components (Maas et al. 2005).

13Another possible explanation for increased blood lead concentrations which has not been 
examined is the effect of �uoride 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 �uoride 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 �uoride intake and 
decreased calcium intake.
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especially for children living in older housing. Second, essentially no studies 
have compared the toxicity of silico�uorides with that of sodium �uoride, 
based on the assumption that the silico�uorides will have dissociated to free 
�uoride before consumption (see also Chapter 7).

Use of more sophisticated analytical techniques such as nuclear mag-
netic resonance has failed to detect any silicon- and �uorine-containing 
species other than hexa�uorosilicate ion (SiF6

2–) (Urbansky 2002; Morris 
2004). In drinking water at approximately neutral pH and typical �uoride 
concentrations, all the silico�uoride appears to be dissociated entirely to 
silicic acid [Si(OH)4], �uoride ion, and HF (Urbansky 2002; Morris 2004); 
any intermediate species either exist at extremely low concentrations or 
are highly transient. SiF6

2– would be present only under conditions of low 
pH (pH < 5; Urbansky 2002; Morris 2004) and high �uoride concentra -
tion (above 16 mg/L according to Urbansky [2002]; at least 1 g/L to reach 
detectable levels of SiF6

2–, according to Morris [2004]). Urbansky (2002) 
also stated that the silica contribution from the �uoridating agent is usually 
trivial compared with native silica in the water; therefore, addition of any 
�uoridating agent (or the presence of natural �uoride) could result in the 
presence of SiF6

2– in any water if other conditions (low pH and high total 
�uoride concentration) are met. Both Urbansky (2002) and Morris (2004) 
indicate that other substances in the water, especially metal cations, might 
form complexes with �uoride, which, depending on pH and other factors, 
could in�uence the amount of �uoride actually present as free �uoride 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 �uoride concentration of 1 mg/L 
is present as �uoride ion, but at pH 6, only 21.35% of the total �uoride is 
present as �uoride ion, the rest being present in various aluminum �uoride 
species (primarily AlF2

+ and AlF3). Calculations were not reported for pH 
< 6.

Further research should include analysis of the concentrations of �uo-
ride and various �uoride 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 �uoride ion (from any �uorida-
tion source) and silica (native to the water) in any �uoridated 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, SiF6

2– would be present, so it seems reasonable to expect that some 
SiF6

2– 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 SiF6

2–, as 
opposed to free �uoride ion, should be examined.

http://www.nap.edu/11571


54	 FLUORIDE IN DRINKING WATER

RECENT  ESTIMATES OF TOTAL  FLUORIDE  EXPOSURE

A number of authors have reviewed �uoride 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 �uoridated water containing �uoride at 1 mg/L 
would ingest approximately 0.08 mg/kg/day from water alone. Shulman et 
al. (1995) also calculated �uoride 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 �uoride 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 �uoride 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 
�uoride 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 �uoride intakes for the various age 
groups ranged from 0.29 to 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 �uoride intakes from water, 
�uoride supplement (if used), and dentifrice (if used) ranged from 0.32 to 
0.38 mg/day (Levy et al. 1995c); the maximum �uoride 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 �uoride 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 �uoride; about 1% of the children had water 
sources containing more than 2 mg/L �uoride). For ages 1.5-9 months, ap-
proximately 40% of the infants exceeded a mass-normalized intake level for 
�uoride 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 �uoride intake 
among children aged 36-72 months, with some individual intakes greatly 
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exceeding the means. The mean intake per unit of body weight declined 
with age from 0.05 to 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 �uoride 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 �uoridated area (>0.7 mg/L) and 0.86 mg/day in non�uoridated areas 
(<0.3 mg/L). Beverages and drinking water contributed approximately 75% 
of the total �uoride intake.

Lewis and Limeback (1996) estimated total daily �uoride 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 (pri-
marily dentifrice) were 0.087-0.160 mg/kg in �uoridated areas and 0.045-
0.096 mg/kg in non�uoridated 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 �uoridated areas, and 0.026-0.044, 0.017-0.021, and 
0.032-0.036 mg/kg for the same age groups in non�uoridated areas.

Rojas-Sanchez et al. (1999) estimated mean total daily �uoride intakes 
from foods, beverages, and dentifrice by 16- to 40-month-old children to 
be 0.767 mg (0.056 mg/kg) in a non�uoridated community and 0.965 mg 
(0.070-0.073 mg/kg) in both a �uoridated community and a “halo” com -
munity. The higher mean dentifrice intake in the halo community than in the 
�uoridated community compensated for the lower dietary intake of �uoride 
in the halo community. Between 45% and 57% of children in the com-
munities with higher daily �uoride intake exceeded the “upper estimated 
threshold limit” of 0.07 mg/kg, even without including any �uoride 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 
�uoride intake by infants (<1-year-old) in �uoridated areas to be 0.11 and 
0.20 mg/kg for “central tendency” and “reasonable maximum exposure” 
conditions, respectively. For infants in non�uoridated areas, the correspond-
ing 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 �uoridated areas and 0.06 and 0.21 
in non�uoridated areas.

TOTAL  EXPOSURE TO  FLUORIDE

A systematic estimation of �uoride exposure from pesticides, back-
ground food, air, toothpaste, �uoride supplement, and drinking water is 
presented in this section. The estimated typical or average chronic exposures 
to inorganic �uoride from nonwater sources are presented in Table 2-9. 
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TABLE 2-9   Total Estimated Chronic Inorganic Fluoride Exposure from 
Nonwater Sources

Population 
Subgroups

Average Inorganic Fluoride Exposure, mg/kg/day

Supplementc
Sulfuryl 
Fluoridea Cryolitea

Back-
ground 
Fooda

Tooth-
pasteb Air a

Total 
Nonwater

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 0.0078d 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 
yearse

0.0003 0.0005 0.0107 0.0016 0.0006 0.0137 0

	 aBased 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.
	 bBased on Levy et al. (1995a), assuming two brushings per day with �uoride 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).
	 cBased 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.
	 dIncludes the estimated 0.0006 mg/kg/day from breast milk. Using the higher estimated 
breast-milk exposure from a �uoridated area (approximately 0.0014 mg/kg/day) results in 
0.0086 mg/kg/day for total nonwater exposure.
	 eWomen of childbearing age.

The exposures from pesticides (sulfuryl �uoride 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 
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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 �uoride is not applicable before its registration for post-harvest 
fumigation in 2004. The exposure from toothpaste is based on Levy et al. 
(1995a; see Table 2-7). The use of �uoride-containing toothpaste is assumed 
not to occur during the �rst 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 nonwater source 
components. The two highest nonwater 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 informa-
tion presented in Appendix B. The food forms for water coded as “direct, 
tap”; “direct, source nonspeci�ed”; “indirect, tap”; and “indirect, source 
nonspeci�ed” are assumed to be from local tap water sources. The sum of 
these four categories constitutes 66-77% of the total daily water intake. 
The remaining 23-34% is designated as nontap, which includes four food 
forms coded as “direct, bottled”; “direct, others”; “indirect, bottled”; and 

TABLE 2-10   Estimated Chronic (Average) Inorganic Fluoride Exposure 
(mg/kg/day) from Drinking Water (All Sources)a

Population Subgroups

Fluoride Concentrations in Tap Water 
(�xed nontap water at 0.5 mg/L)

0 mg/L 0.5 mg/L 1.0 mg/L 2.0 mg/L 4.0 mg/L

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 yearsb 0.0025 0.0098 0.0171 0.0320 0.0609

	 aEstimated from DEEM-FCID model (version 2.03, Exponent Inc.). The water consumption 
data are based on diaries from the CSFII 1994-1996 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 nonspeci�ed”; “indirect, tap”; and “indirect, source nonspeci�ed” 
are assumed to be from tap water sources.
	 bWomen of childbearing age.
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“indirect,  others”. Fluoride exposures from drinking water (Table 2-10) are 
estimated for different concentrations of �uoride in the local tap water (0, 
0.5, 1.0, 2.0, or 4.0 mg/L), while assuming a �xed 0.5 mg/L for all nontap 
sources (e.g., bottled water). The assumption for nontap water concentra-
tion is based on the most recent 6-year national public water system compli-
ance monitoring from a 16-state cross section that represents approximately 
41,000 public water systems, showing average �uoride 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 ex-
posure 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 �uoride 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 �uoride supplements might be given to 
infants and children up to 19 years old in low-�uoride tap-water scenarios 
(0 and 0.5 mg/L). Table 2-11 shows that, when tap water contains �uoride, 
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 sce-
narios 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 �uoride 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 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 

http://www.nap.edu/11571


MEASURES OF EXPOSURE TO FLUORIDE IN THE UNITED STATES 	 59

TABLE 2-11   Total Estimated (Average) Chronic Inorganic Fluoride 
Exposure (mg/kg/day) from All Sources, Assuming Nontap Water at a 
Fixed Concentrationa

Population 
Subgroups

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

With Fluoride 
Supplement Without Fluoride Supplement

0 mg/L 0.5 mg/L 0 mg/L 0.5 mg/L 1 mg/L 2 mg/L 4 mg/L

All infants (<1 year) 0.061 0.083 0.025 0.047 0.070 0.117 0.209
Nursingb 0.049 0.057 0.013 0.021 0.030 0.046 0.079
Nonnursing 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 yearsc 0.016 0.024 0.016 0.024 0.031 0.046 0.075

	 aThe estimated exposures from �uoride 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 non�uoridated areas (tap water at 0 and 0.5 
mg/L), the total exposures are calculated both with and without �uoride supplements.
	 bThe higher total nonwater exposure of 0.0086 mg/kg/day that includes breast milk from 
a �uoridated area (footnote in Table 2-9) is used to calculate the exposure estimates for the 
“without supplement” groups that are exposed to �uoride in water at 1, 2, and 4 mg/L.
	 cWomen of childbearing age.

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 expo-
sures, 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 
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FIGURE 2-1  Source contribution to total inorganic �uoride exposure, 
including �uoride at 1 mg/L in tap water. The estimated chronic inorganic 
�uoride exposures from the various routes are presented in Tables 2-9 and 
2-10. No �uoride supplement is included for any population subgroup. The 
total exposures as presented in Table 2-11 for the population subgroups are: 
0.030 mg/kg/day (nursing infants), 0.087 mg/kg/day (non-nursing infants), 
0.066 mg/kg/day (1-2 years old), 0.060 mg/kg/day (3-5 years old), 0.040 
mg/kg/day (6-12 years old), 0.028 mg/kg/day (13-19 years old), and 0.031 
mg/kg/day for adults (20 to 50+ years old) and women of childbearing age 
(13-49 years old).

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 �uoride (e.g., tea), are likely to be underestimated. For 
example, at an average �uoride concentration of 3.3 mg/L for brewed tea 
and 0.86 mg/L for iced tea (USDA 2004), the tea component in the back-
ground 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 signi�cantly exceed these con-

2-1 new
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FIGURE 2-2  Source contribution to total inorganic �uoride exposure, 
including �uoride at 2 mg/L �uoride in tap water. The estimated chronic 
inorganic �uoride exposures from the various routes are presented in 
Tables 2-9 and 2-10. No �uoride 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 
childbearing age (13-49 years old).

sumption rates. Other groups of people who are expected to have exposures 
higher than those calculated here include infants given �uoride toothpaste 
before age 1, anyone who uses toothpaste more than twice per day or who 
swallows excessive amounts of toothpaste, children inappropriately given 
�uoride supplements in a �uoridated area, children in an area with high 
�uoride 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 pro�le of �uoride residue concentrations 

2-2 new
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FIGURE 2-3  Source contribution to total inorganic �uoride exposure, 
including �uoride at 4 mg/L in tap water. The estimated chronic inorganic 
�uoride exposures from the various routes are presented in Tables 2-9 and 
2-10. No �uoride 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 (nonnursing infants), 
0.137 mg/kg/day (1-2 years old), 0.126 mg/kg/day (3-5 years old), 0.086 
mg/kg/day (6-12 years old), 0.063 mg/kg/day (13-19 years old), 0.075-0.079 
mg/kg/day for adults (20-50+ years old) and women of childbearing age 
(13-49 years old).

in the current exposure media. They likely do not re�ect the concentration 
of past exposure scenarios, particularly for routes that show changes in time 
(e.g., pesticide use practices). Any new and signi�cant source of �uoride 
exposure, such as commodities approved for sulfuryl �uoride fumigation 
application beyond April 2005, is expected to alter the percentage of drink-
ing 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 �xed �uoride con-
centration 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 
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that all sources of drinking water (both tap and nontap water) contain the 
same speci�ed �uoride 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 �uoride 
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 ap-
proximately 32-39% higher total exposure than the model estimates. This 
approximates the 38-45% lower model estimate of total water intake rate 

TABLE 2-12   Total Estimated (Average) Chronic Inorganic Fluoride 
Exposure (mg/kg/day) from All Sources, Assuming the Same Speci�ed 
Fluoride Concentration for Both Tap and Nontap Watersa

Population Subgroups

Concentration in All Water

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

Modeled water intakeb EPA default water intakec

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
Nonnursing 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 yearsd 0.033 0.053 0.092 0.042 0.071 0.128

	 aThe estimated exposures from nonwater sources (including pesticides, background food, 
air, and toothpaste) are from Table 2-9. No �uoride supplement is included in the total �uoride 
exposure estimates.
	 bThe component of drinking-water exposure is estimated from DEEM-FCID.
	 cThe 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.
	 dWomen of childbearing age.
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(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 exposure than the model estimates for nonnursing infants 
at 4 mg/L drinking water. This re�ects closely the difference in the total wa-
ter 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 re�ects their sig-
ni�cantly 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 �xed 
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 nonwater 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 �xed nontap water at 0.5 mg/L) and estimates using one �uoride con-
centration for both tap and nontap waters in Table 2-12 (�rst 3 columns) 
re�ects the contribution from the nontap-water component.

The �uoride exposure estimates presented thus far, regardless of the 
various assumptions (e.g., the same versus different �uoride concentra-
tions in tap and nontap water) and different 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 dia-
betes 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 �uoride exposures from pesticides, 
background food, air, toothpaste, and drinking water are summarized for 
drinking water �uoride 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 as-
suming a �xed nontap water concentration of 0.5 mg/L. The other is esti-
mated 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 nontap waters. Both sets of estimates include the same �uoride 
exposure from nonwater sources. The total exposure from the latter ap-
proach 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 �uoride residue as the tap water.
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TABLE 2-13   Contributions to Total Fluoride Chronic Exposure at 
1 mg/L in Drinking Water

Population Subgroups

Total 
Exposure, 
mg/kg/day

% Contribution to Total Exposure

Pesticides 
and Air

Background 
Food

Tooth-
paste

Drinking 
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 30.4 19.1 43.1
Children 6-12 years 0.040 5.4 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 32.4 4.6 58.7
Females 13-49 yearsa 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 4.3 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 3.3 67.0

High end of high water intake indi viduals 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 3.3 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 91.4

	 aWomen of childbearing age.

ABBREVIATIONS: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus.

Although each of these exposure estimates have areas of uncertainty, 
the average total daily �uoride 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 be underestimated for individuals who have habitually higher 
intake rates (e.g., water, tea). Speci�c 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 
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TABLE 2-14   Contributions to Total Fluoride Chronic Exposure at  
2 mg/L in Drinking Water

Population Subgroups
Total Exposure, 
mg/kg/day

% Contribution to Total Exposure

Pesticides 
and Air

Background 
Food

Tooth-
paste

Drinking 
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 5.4 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 yearsa 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 5.3 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 indi viduals 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

	 aWomen of childbearing age.

ABBREVIATIONS: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus.

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 �xed 
at 0.5 mg/L, nonnursing infants have the highest model-estimated average 
total daily �uoride exposure: 0.087, 0.144, and 0.258 mg/kg/day when tap-
water concentrations of �uoride are 1, 2, and 4 mg/L, respectively (Table 
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TABLE 2-15   Contributions to Total Fluoride Chronic Exposure at  
4 mg/L in Drinking Water

Population Subgroups
Total Exposure, 
mg/kg/day

% Contribution to Total Exposure

Pesticides 
and Air

Background 
Food

Tooth-
paste

Drinking 
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 3.3 5.9 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 2.2 15.4 5.3 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 yearsa 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 2.3 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 indi viduals, 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

	 aWomen of childbearing age.

ABBREVIATIONS: DM, diabetes mellitus; NDI, nephrogenic diabetes insipidus

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 nonnursing infants are approxi-
mately 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 nonnursing infants, 
re�ecting the higher exposure from nonwater sources (Table 2-9). The esti-
mated total �uoride exposures for children 1-2 years old are 0.139, 0.239, 
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and 0.439 mg/kg/day for 1, 2, and 4 mg/L of �uoride 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 �uoride 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 �uoride exposures for three population sub-
groups with signi�cantly 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 �r 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 �uoride 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 �uoride 
exposures for children (3-5 years 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 �uoride exposure 
is 41-83% at 1 mg/L in tap water, 57-90% at 2 mg/L, and 72-94% at 4mg/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 �uoride 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 indi -
viduals among adult athletes and workers, and individuals with diabetes 
mellitus and 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 signi�cant sources 
of �uoride exposure are expected to alter the percentage of drinking-water 
contribution as presented in this chapter. However, water will still be the 
most signi�cant source of exposure.
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BIOMARKERS  OF EXPOSURE, EFFECT, AND  SUSCEPTI BILITY

Biological markers, or biomarkers, are broadly de�ned 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 speci�city 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 �uoride.

Biomarkers of exposure to �uoride consist of measured �uoride con-
centrations in biological tissues or �uids that can be used as indices of an 
individual’s exposure to �uoride. For �uoride, concentrations in a number 
of tissues and �uids, 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 �uoride has not been included in their survey.

Fluoride concentrations in bodily �uids (e.g., urine, plasma, serum, 
saliva) are probably most suitable for evaluating recent or current �uoride 
exposures or �uoride balance (intake minus excretion), although some 
sources indicate that samples obtained from fasting persons may be useful 
for estimating chronic �uoride intake or bone �uoride concentrations (e.g., 
Ericsson et al. 1973; Waterhouse et al. 1980). Examples of the association 
between estimated �uoride intakes (or mass-normalized intakes) and mea-
sured �uoride 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 �uoride intake is not suf�cient to explain the varia -
tion in the measured �uoride concentrations. A number of parameters affect 
individual �uoride uptake, retention, and excretion (Chapter 3) (Whitford 
1996). In addition, a signi�cant decrease in �uoride exposure might not be 
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TABLE 2-16   Summary of Selected Biomarkers for Fluoride Exposure in 
Humans

Fluoride Exposure
Number 
of 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/daya 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

1.9 (0.3) mg/day
Bachinskii et al. 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 in 

drinking water
45 0.15 (0.07) mg/Lb Schamschula et al. 

1985 (Figure 2-6)
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 0.62 (0.26) mg/Lb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 1.24 (0.52) mg/Lb

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

1.69 mg/L in drinking water 111 1.93 (0.82) mg/Lb (Figure 2-6)
2.74 mg/L in drinking water 89 2.89 (1.39) mg/Lb

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/dayb 50 9.45 (4.11) mg/Lb Gupta et al. 2001
11.97 (1.8) mg/dayb 50 15.9 (9.98) mg/Lb (Figure 2-7)
14.45 (3.19) mg/daya 50 17.78 (7.77) mg/La

32.56 (9.33) mg/daya 50 14.56 (7.88) mg/La

0.93 (0.39) mg/dayb [0.053 
(0.021) mg/kg/dayb]

11 0.91 (0.45) mg/Lb Haftenberger et al. 
2001 (Figure 2-5)

1.190 (0.772) mg/day from all 
sourcesb

20 0.481 (0.241) 
mg/dayb

Pessan et al. 2005

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/dayb 50 0.79 (0.21) mg/Lb Gupta et al. 2001
11.97 (1.8) mg/dayb 50 1.10 (0.58) mg/Lb (Figure 2-7)
14.45 (3.19) mg/dayb 50 1.10 (0.17) mg/Lb

32.56 (9.33) mg/dayb 50 1.07 (0.17) mg/Lb
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Fluoride Exposure
Number 
of 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/Lb

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

Primary schoolers (6-12 years) 99 0.010 (0.0042) 
mg/Lb

Saliva
0.09 (range, 0.06-0.11) mg/L in 

drinking water
45 6.25 (2.44) μg/Lb Schamschula et al. 

1985
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 11.23 (4.29) μg/Lb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 15.87 (6.01) μg/Lb

0.1 mg/L in drinking water 27 1.9-55.1 μg/L Oliveby et al. 1990
1.2 mg/L in drinking water 27 1.9-144 μg/L Oliveby et al. 1990

Plaque
0.09 (range, 0.06-0.11) mg/L in 

drinking water
45 5.04 (4.60) ppmb Schamschula et al. 

1985
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 8.47 (9.69) ppmb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 19.6 (19.3) ppmb

Hair
0.09 (range, 0.06-0.11) mg/L in 

drinking water
45 0.18 (0.07) μg/gb Schamschula et al. 

1985
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 0.23 (0.11) μg/gb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 0.40 (0.25) μg/gb

0.27 mg/L in drinking water 
and 2.8 μg/m3 in air

59 1.35 (0.95) μg/gb Hac et al. 1997

0.32 mg/L in drinking water 53 4.13 (2.24) μg/gb Czarnowski et al. 
1999

1.69 mg/L in drinking water 111 10.25 (6.63) μg/gb

2.74 mg/L in drinking water 84 14.51 (6.29) μg/gb

Breast milk
0.2 mg/L in drinking water 47 0.0053 mg/L 

(colostrum)
Spak et al. 1983

TABLE 2-16   Continued

continued
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Fluoride Exposure
Number 
of Persons

Fluoride  
Concentration Reference

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)

Non�uoridated 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/Lb
Hossny et al. 2003

Fingernails
0.09 (range, 0.06-0.11) mg/L in 

drinking water
45 0.79 (0.26) ppmb Schamschula et al. 

1985
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 1.31 (0.49) ppmb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 2.31 (1.14) ppmb

About 3 mg/day 1 1.94-3.05 mg/kg Whitford et al. 1999a
About 6 mg/day (after 3.5 

months)
1 4.52-5.38 mg/kg

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 water, 

without �uoride dentifrice
10 2.3-7.3 mg/kg Corrêa Rodrigues et 

al. 2004
0.7-1.0 mg/L in drinking water, 

with �uoride dentifrice (after 
4 months)

10 10.1 mg/kg (peak)

0.004 ± 0.003 mg/kg/day 15 0.42-6.11 μg/g Levy et al. 2004
0.029 ± 0.029 mg/kg/day 15 0.87-7.06 μg/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 water, 

without �uoride dentifrice
10 2.5-5.6 mg/kg Corrêa Rodrigues et 

al. 2004
0.7-1.0 mg/L in drinking water, 

with �uoride dentifrice (after 
4 months)

10 9.2 mg/kg (peak)

0.004 ± 0.003 mg/kg/day 15 0.08-3.89 μg/g Levy et al. 2004
0.029 ± 0.029 mg/kg/day 15 0.81-6.38 μg/g

Teeth
Normal NA 190-300 ppm (total 

ash)
Roholm 1937

TABLE 2-16   Continued
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Fluoride Exposure
Number 
of Persons

Fluoride  
Concentration Reference

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

Enamel (0.44-0.48 µm depth)
0.09 (range, 0.06-0.11) mg/L in 

drinking water
45 1,549 (728) ppmb Schamschula et al. 

1985
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 2,511 (1,044) ppmb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 3,792 (1,362) ppmb

Enamel (2.44-2.55 µm depth)
0.09 (range, 0.06-0.11) mg/L in 

drinking water
45 641 (336) ppmb Schamschula et al. 

1985
0.82 (range, 0.5-1.1) mg/L in 

drinking water
53 1,435 (502) ppmb

1.91 (range, 1.6-3.1) mg/L in 
drinking water

41 2,107 (741) ppmb

Enamel
0.7 or 1.0 mg/L in drinking 

water
30 0-192 μg/g Vieira et al. 2005

Dentin
0.7 or 1.0 mg/L in drinking 

water
30 59-374 μg/g Vieira et al. 2005

Bones
Normal NA 480-2,100 ppm in 

bone ash (ribs)
Roholm 1937

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 water 33 326-2,390 ppm in 
bone ashc

Zipkin et al. 1958

1.0 mg/L in drinking water 5 1,610-4,920 ppm in 
bone ashd

2.6 mg/L in drinking water 27 1,560-10,800 ppm 
in bone ashe

4.0 mg/L in drinking water 4 4,780-11,000 ppm 
in bone ashf

TABLE 2-16   Continued

continued
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Fluoride Exposure
Number 
of Persons

Fluoride  
Concentration Reference

< 0.2 mg/L in drinking water 
since infancy

8 1,379 (179) ppm in 
bone ashg

Eble et al. 1992

1 mg/L in drinking water at 
least 23 years or since infancy

9 1,775 (313) ppm in 
bone ashg

0.27 mg/L in drinking water 
and 2.8 μg/m3 in air

59 625.7 (346.5) 
ppmb,h

Hac et al. 1997

0.7 or 1.0 mg/L in drinking 
water

30 0-396 ppmi Vieira et al. 2005

	 aPrevious exposure of 30-38 mg/day, 2-5 years before study.
	 bMean and standard deviation.
	 cReported as 0.019-0.119% in bone, with ash content of 43.2-68.4%.
	 dReported as 0.100-0.238% in bone, with ash content of 45.9-62.2%.
	 eReported as 0.092-0.548% in bone, with ash content of 32.7-66.7%.
	 fReported as 0.261-0.564% in bone, with ash content of 44.3-62.8%.
	 gMean and standard error of the mean.
	 hReported as μg �uoride per gram bone; appears to be dry weight of bone, not bone ash.
	 iMeasured by Instrumental Neutron Activation Analysis; appears to be wet weight of 
bone.

ABBREVIATION: NA, not available.

TABLE 2-16   Continued

re�ected immediately in urine or plasma, presumably because of remobiliza-
tion of �uoride from resorbed bone. 14

Concentrations of salivary �uoride (as excreted by the glands) are typi-
cally about two-thirds of the plasma �uoride concentration and independent 
of the salivary �ow rate (Rölla and Ekstrand 1996); �uoride in the mouth 
from dietary intake or dentifrices also affects the concentrations measured 
in whole saliva. Signi�cantly higher concentrations of �uoride were found 
in whole saliva and plaque following use of a �uoridated dentifrice versus 
a non�uoridated dentifrice by children residing in an area with low  �uoride 
(<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 �uoride concentrations in 5- to 10-year-old children were not signi� -

14For example, following de�uoridation of a town’s water supply from 8 mg/L to around 1.3 
mg/L (mean daily �uoride content over 113 weeks), urinary �uoride concentrations in males 
fell from means of 6.5 (children) and 7.7 (adults) mg/L before de�uoridation 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 �uoride 
intake (as opposed to �uoride balance) from a urine sample during this period would probably 
have been an overestimate.
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FIGURE 2-4  Urinary �uoride excretion (left) and fasting plasma �uoride 
concentration (right) as functions of current daily �uoride intake for individual 
adults (nine males, �ve females) aged 18-58 years. Data from Teotia et al. 
1978.

cantly related to those in either plasma or parotid ductal saliva. However, 
�uoride concentrations in parotid ductal saliva were strongly correlated 
to the plasma �uoride concentrations (r = 0.916), with a saliva-to-plasma 
�uoride concentration ratio of 0.80 (SE = 0.03, range from 0.61 to 1.07). 
For three-quarters of the study population (13 of 17), the �uoride concen-
tration in parotid ductal saliva could be used to estimate plasma �uoride 
concentrations within 20% or less, and the largest difference was 32%.

Measured �uoride concentrations in human breast milk have been 
correlated with the mother’s �uoride intake in some studies (Dabeka et al. 
1986) and not well correlated in other studies (Spak et al. 1983; Opinya 
et al. 1991). In general, measurements of �uoride in breast milk would be 
of limited use in exposure estimation because of the very low concentrations 
even in cases of high �uoride intake, lack of a consistent correlation with 
the mother’s �uoride 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 �uoride 
in urine, nails, hair, and saliva with increasing water �uoride concentra-
tion in a sample of Hungarian children, but �uoride contents were not 
directly proportional to the water �uoride content. Although means were 
signi�cantly different between groups, there was suf�cient variability among 
individuals within groups that individual values between groups overlapped. 
Feskanich et al. (1998) used toenail �uoride as an indicator of long-term 
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FIGURE 2-5  Urinary �uoride excretion (left) and concentration (right) as 
functions of current daily �uoride intake (top) or body-weight normalized 
intake (bottom) for individual children (six boys, �ve girls) aged 3-6 years. 
Data from Haftenberger et al. 2001.

�uoride intake and considered it to be a better long-term marker than 
plasma concentrations.

Whitford et al. (1999a) found a direct relationship between �uoride 
concentrations in drinking water and �uoride concentrations in �ngernail 
clippings from 6- to 7-year-old children with no known �uoride exposure 
other than from drinking water. In nail samples from one adult, Whitford 
et al. (1999a) also found that an increase in �uoride intake was re�ected in 
�ngernail �uoride concentrations approximately 3.5 months later and that 
toenails had signi�cantly lower �uoride concentrations than �ngernails. 
Levy et al. (2004) also found higher �uoride concentrations in �ngernails 
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FIGURE 2-6  Urinary (left) and serum (right) �uoride concentrations as 
functions of �uoride 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).

FIGURE 2-7  Urinary (left) and serum (right) �uoride concentrations as 
functions of estimated daily �uoride 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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than in toenails in 2- to 6-year old children and showed a correlation be-
tween nail concentrations and dietary �uoride intake (exclusive of �uoride 
in toothpaste). Plasma �uoride in these children was not correlated with 
�uoride in �ngernails, toenails, diet, or drinking water.

In contrast, Corrêa Rodrigues et al. (2004), in samples from 2- to 3-
year-old children, found no signi�cant differences in �uoride concentrations 
between �ngernails and toenails collected at the same time. An increase in 
�uoride intake in these children was re�ected in nail samples approximately 
4 months later (Corrêa Rodrigues et al. 2004). Most likely, differences in 
“lag times” and differences between �ngernails and toenails in the same 
individual re�ect differences in growth rates of the nails due to factors such 
as age or differences in blood �ow. McDonnell et al. (2004) found a wide 
variation in growth rates of thumbnails of 2- and 3-year-old children; age, 
gender, and �uoride 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 �uoride exposure based on measurements of �uoride in nails, 
the growth rate of the nails should be measured for each individual.

Czarnowski et al. (1999) found correlations between water �uoride con-
centrations and urinary �uoride, �uoride in hair, and bone mineral density 
measured in 300 people in the Gdánsk region of Poland. For workers with 
occupational exposure to airborne �uoride (largely HF), Czarnowski and 
Krechniak (1990) found good correlation among groups of workers between 
�uoride concentrations in urine and nails (r = 0.99); correlation between 
concentrations in urine and hair or hair and nails was also positive but not 
as good (r = 0.77 and 0.70, respectively). For individual values, positive cor-
relation was found only between concentrations in urine and nails (r = 0.73). 
It was not possible to establish correlations between �uoride concentrations 
in biological media and air (Czarnowski and Krechniak 1990).

Measuring the �uoride content of teeth and bones can give an indica-
tion of chronic or cumulative �uoride exposure, although after cessation of 
�uoride exposure, bone �uoride concentrations slowly decrease because of 
resorption of bone. In addition, bone turnover results in the accumulation of 
various concentrations of �uoride 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 �uoride and either enamel or dentin �uoride in 
persons with exposure to 0.07 or 1.0 mg/L �uoride in drinking water.

Roholm (1937) reported that the �uoride content in normal teeth varied 
from 190 to 300 ppm (0.19 to 0.30 mg/g) in the total ash, with 5-7 times as 
much �uoride in the dentin as in the enamel. Fluoride content in the total 
ash of teeth from �ve 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 �uoride. Roholm (1937) also reported 
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normal bone �uoride concentrations of 480-2,100 ppm in bone ash (0.48-
2.1 mg/g bone ash in ribs), with 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 �uoride in normal individuals 
between 450 and 1,200 ppm in bone ash and in people “suffering excessive 
exposure” to �uorides between 7,500 and 20,830 ppm in bone ash. More 
recently, Eble et al. (1992) have reported �uoride concentrations in bone 
ash ranging from 378 ppm (16-year old with <0.2 mg/L �uoride in drinking 
water since infancy) to 3,708 ppm (79-year old with �uoridated water). A 
46-year old female with chronic renal failure had a �uoride 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 �uoride and the mean percentage of �uoride in bone (iliac 
crest, rib, and vertebra) for adults in areas of various �uoride concentra-
tions 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 re�ecting variability in individual �uoride intakes, 
duration of exposure, and age. A major disadvantage of measuring bone 
�uoride 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 justi�es the radiation dose involved; in ad-
dition, bone density might not be related solely to �uoride exposure or to 
bone �uoride content.

The two most important biomarkers of effect for �uoride are consid -
ered to be enamel �uorosis and skeletal �uorosis (ATSDR 2003); these are 
discussed more fully in Chapters 4 and 5. Enamel �uorosis is characterized 
by mottling and erosion of the enamel of the teeth and is associated with 
elevated �uoride 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 enamel �uorosis are 
associated with increasing �uoride concentration in drinking water (and 
presumably actual �uoride intake). For “optimally” �uoridated water (0.7-
1.2 mg/L), 22% of children examined in the 1980s showed some �uorosis 
(mostly very mild or mild); at water �uoride concentrations above 2.3 mg/L, 
more than 70% of children showed �uorosis (PHS 1991; NRC 1993). Some 
children developed �uorosis even at the lowest �uoride concentrations (<0.4 
mg/L), suggesting that either �uoride intakes are variable within a popula-
tion with the same water supply or there is variability in the susceptibility 
to �uorosis within populations (or both). Baelum et al. (1987) indicated 
that 0.03 mg/kg/day might not be protective against enamel �uorosis, and 
Fejerskov et al. (1987) stated that the borderline dose above which enamel 
�uorosis might develop could be as low as 0.03 mg/kg/day.
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DenBesten (1994) described the limitations of using enamel �uorosis 
as a biomarker of exposure: enamel �uorosis is useful only for children 
less than about 7 years old when the exposure occurred; the incidence 
and degree of �uorosis 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 �uoride accumulation, also 
indicated that variability in response (incidence and severity of enamel 
�uorosis) to �uoride exposure may result from physiological differences 
among individuals and that enamel �uorosis is not an adequate biomarker 
for �uoride accumulation or potentially adverse health effects beyond the 
period of tooth formation. Selwitz (1994) did suggest that enamel �uorosis 
could be used as a biomarker of �uoride exposure in young children within 
a community over time.

Skeletal �uorosis (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 �uorosis is associated with �uoride 
concentrations of 3,500-5,500 ppm in bone ash and clinical stages I, II, and 
III with concentrations of 6,000-7,000, 7,500-9,000, and >8,400, respec-
tively (PHS 1991), although other sources indicate lower concentrations of 
bone �uoride in some cases of skeletal �uoride (see Chapter 5). According 
to the Institute of Medicine, “Most epidemiological research has indicated 
that an intake of at least 10 mg/day [of �uoride] for 10 or more years is 
needed to produce clinical signs of the milder forms of [skeletal �uorosis]” 
(IOM 1997). However, the National Research Council (NRC 1993) indi -
cated that crippling (as opposed to mild) skeletal �uorosis “might occur in 
people who have ingested 10-20 mg of �uoride per day for 10-20 years.” A 
previous NRC report (NRC 1977) stated that a retention of 2 mg of �uoride 
per day (corresponding approximately to a daily intake of 4-5 mg) “would 
mean that an average individual would experience skeletal �uorosis after 40 
yr, based on an accumulation of 10,000 ppm �uoride in bone ash.” Studies 
in other countries indicate that skeletal �uorosis might be in part a marker 
of susceptibility as well as exposure, with factors such as dietary calcium 
de�ciency involved in addition to �uoride intake (Pettifor et al. 1989; Teotia 
et al. 1998).

Hodge and Smith (1965) summarized a number of studies of skeletal 
�uorosis, including two that indicated affected individuals in the United 
States with water supplies containing �uoride at 4.8 or 8 mg/L. They also 
stated categorically that “crippling �uorosis has never been seen in the 
United States.” The individuals with endemic �uorosis at 4.8 mg/L are re-
ferred to elsewhere as having “radiographic osteosclerosis, but no evidence 
of skeletal �uorosis” (PHS 1991). In combination with high �uid intake and 
large amounts of tea, “the lowest drinking-water concentration of �uoride 
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associated with symptomatic skeletal �uorosis 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 �ve cases 
of crippling skeletal �uorosis have been reported in the literature in the 
United States (including one case in a recent immigrant from an area with 
�uoride 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 �uo-
ride 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 �uoride at 2.4-3.5 or 4.0-7.8 mg/L (PHS 1991; NRC 1993); this 
corresponds to �uoride intakes of up to 14.4-21 or 24-47 mg/day.

Several cases of skeletal �uorosis reported in the United States are sum-
marized in Table 2-17. These reports indicate that a �uoride concentration of 
7-8 mg/L for 7 years is suf�cient to bring about skeletal �uorosis  (Felsenfeld 
and Roberts 1991), but skeletal �uorosis may occur at much lower �uoride 
concentrations in cases of renal insuf�ciency (Juncos and Donadio 1972; 
Johnson et al. 1979). People who consume instant tea are at increased risk 
of developing skeletal �uorosis, especially if they drink large volumes, use 
extra-strength preparations, or use �uoridated or �uoride-contaminated 
water (Whyte et al. 2005).

In summary, selecting appropriate biomarkers for a given �uoride 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 
speci�c individuals. Many of the areas for further research identi�ed by a 
1994 workshop (Whitford et al. 1994) are still relevant for improving the 
assessment of �uoride exposures.

FINDINGS

Table 2-18 summarizes various published perspectives on the sig-
ni�cance of given concentrations of �uoride 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 �uorosis.

The recommended optimal �uoride intake for children to maximize 
caries prevention and minimize the occurrence of enamel �uorosis is often 
stated as being 0.05-0.07 mg/kg/day (Levy 1994; Heller et al. 1999, 2000). 
Burt (1992) attempted to track down the origin of the estimate of 0.05-0.07 
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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 a 
(0.01 mg/day)

IOM 1997; ADA 2005

0.01-0.04 Average daily dietary �uoride intake for children 0-2 
years old residing in non�uoridated areas (< 0.4 
mg/L)

IOM 1997 b

0.017-0.031 Average daily intake by adults in a �uoridated area 
(1.2-2.2 mg/day)c

NRC 1993

0.017-0.054 Lower end of “safe and adequate daily dietary 
intake” for children 0-10 yearsd (0.1-1.5 mg/day)

NRC 1989b

0.019-0.033 Lower end of “safe and adequate daily dietary 
intake” for children �r 10 years and adultsd (1.5 
mg/day)

NRC 1989b

0.02-0.10 Average daily dietary �uoride intake for children 1-9 
years residing in �uoridated areas (0.7-1.1 mg/L)

McClure 1943e

0.038-0.069 Upper end of “safe and adequate daily dietary 
intake” for children �r 10 years and adultsd (2.5-
4.0 mg/day)

NRC 1989b

0.04-0.07 Average daily intake by children in a �uoridated 
area

NRC 1993

0.05 “Adequate intake” for all ages above 6 months olda,f IOM 1997; ADA 2005
0.05 ATSDR’s minimal risk levelg (chronic duration, 

based on increased rate of bone fractures)h
ATSDR 2003

0.05-0.13 Average daily dietary �uoride intake for children 
0-2 years old residing in �uoridated areas (0.7-1.1 
mg/L)

IOM 1997 b

0.05-0.07 “Optimal” intake to maximize caries prevention and 
minimize the occurrence of enamel �uorosis

Levy 1994; Heller et 
al. 1999, 2000

0.05-0.07 “Useful upper limit for �uoride intake in children” Burt 1992
0.057-0.071 “Health hazard” for adults (4-5 mg/day) c McClure et al. 1945
0.057 EPA’s SMCL (2 mg/l; adult intake)i 40CFR 143.3[2001]
0.06 EPA’s reference dosej (based on protection of 

children from objectionable enamel �uorosis)k
EPA 1989

0.083-0.13 Upper end of “safe and adequate daily dietary 
intake” for children 0-10 years old d (0.5-2.5 
mg/day)

NRC 1989b

0.10 “Tolerable upper intake” l for ages 0-8a (0.7-2.2 
mg/day)

IOM 1997; ADA 2005

0.10 EPA’s SMCL (2 mg/L; child intake)m 40CFR 143.3 [2001]
0.11 EPA’s MCLG and MCL (4 mg/L; adult intake) n 40CFR 

141.62(b)[2001]
0.13-0.18 “Tolerable upper intake” o for ages �r 14a (10 

mg/day)
IOM 1997; ADA 2005

0.2 EPA’s MCLG and MCL (4 mg/L; child intake) p 40CFR 
141.62(b)[2001]

continued
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Exposure, 
mg/kg/day Description Reference

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

IOM 1997; ADA 2005

	 aBased on intakes and average body weights listed by IOM (1997) and ADA (2005); see 
Table B-17 in Appendix B.
	 bSummaries of papers published between 1979 and 1988 (IOM 1997).
	 cBased on a 70-kg adult.
	 dBased on intakes and median weights listed by NRC (1989b); see Table B-16 in Appendix 
B.
	 eSummarized by IOM (1997).
	 fRange, 0.045-0.056 mg/kg/day.
	 gA 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 speci�ed duration of exposure (ATSDR 2003).
	 hThe 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.
	 iBased on intake of 2 L/day by a 70-kg adult of water containing �uoride at 2 mg/L.
	 jReference 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).
	 kBased on a �uoride concentration of 1 mg/L in drinking water; the RfD for �uoride 
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).
	 lBased on moderate enamel �uorosis (IOM 1997).
	 mBased on intake of 1 L/day by a 20-kg child of water containing �uoride at 2 mg/L.
	 nBased on intake of 2 L/day by a 70-kg adult of water containing �uoride at 4 mg/L.
	 oBased on skeletal �uorosis for adults and children �r age 9 (IOM 1997).
	 pBased on intake of 1 L/day by a 20-kg child of water containing �uoride at 4 mg/L.

TABLE 2-18   Continued

mg/kg/day as an optimum intake of �uoride but was unable to �nd 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 �uoride intake in chil -
dren” (see also NRC 1993).

Figure 2-8 shows the average intake of �uoride from all sources esti-
mated in this report (Table 2-11), with 1 mg/L in drinking water; Figure 2-9 
shows the average intake of �uoride from drinking water alone (Table 2-10), 
given a �uoride 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 consum-
ers with an average intake (EPA 2000a), if that water is �uoridated, children 
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FIGURE 2-8  Estimated average intake of �uoride from all sources, at 1 mg/L 
in drinking water (based on Table 2-11). Horizontal lines indicate an intake 
of 0.05-0.07 mg/kg/day.

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 �uoridated at 1 or 1.2 mg/L. No other age groups 
have that intake at ordinary �uoride 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 
�uoridation (see Appendix B, Tables B-11, B-12, and B-13); for �uoride con-
centrations corresponding to the SMCL (2 mg/L) or MCL (4 mg/L), an in-
take 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 �uoride contribution from 
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FIGURE 2-9  Estimated average intake of �uoride from drinking water alone, 
based on a �uoride concentration of 4 mg/L (MCLGl/MCL; based on Table 
2-10). Horizontal lines indicate an intake of 0.05-0.07 mg/kg/day.

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 �uoride supplements (as-
suming low water �uoride) will reach or exceed 0.05-0.07 mg/kg/day. For 
children not on supplements, nonnursing infants with �uoride in tap water 
at �r0.5 mg/L will exceed 0.05-0.07 mg/kg/day for typical exposures. Also, 
children through 5 years old (�r0.5 mg/L in tap water), children 6-12 years 
old (�r2 mg/L in tap water), and teenagers and adults (�r4 mg/L in tap water) 
will exceed 0.05-0.07 mg/kg/day with typical or average �uoride exposures 
in terms of water consumption and toothpaste ingestion.
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A number of researchers have pointed out both the importance of 
evaluating individual �uoride intake from all sources and the dif�culties 
associated with doing so, given the variability of �uoride content in various 
foods and beverages and the variability of individual intakes of the speci�c 
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. 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 �uoride exposures (approaching 50% or more) is 
�uoridated water and other beverages and foods prepared or manufactured 
with �uoridated water.

RECOMMENDATIONS

• �� Fluoride should be included in nationwide biomonitoring surveys 
and nutritional studies (e.g., CDC’s National Health and Nutrition Exami -
nation Survey and af�liated studies). In particular, analysis of �uoride in 
blood and urine samples taken in these surveys would be valuable.

• �� National data on �uoridation (e.g., CDC 1993) should be updated 
on a regular basis.

• �� Probabilistic analysis should be performed for the uncertainty in es-
timates 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, identi�cation of population subgroups at unusual risk for 
high exposures, identi�cation or con�rmation of those �uoride sources with 
the greatest impact on individual or population exposures, and identi�cation 
or characterization of �uoride sources that are signi�cant contributors to 
total exposure for certain population subgroups.

• �� To assist in estimating individual �uoride exposure from ingestion, 
manufacturers and producers should provide information on the �uoride 
content of commercial foods and beverages.

• �� To permit better characterization of current exposures from airborne 
�uorides, ambient concentrations of airborne hydrogen �uoride and par-
ticulates should be reported on national and regional scales, especially for 
areas of known air pollution or known sources of airborne �uorides. Ad -
ditional information on �uoride concentrations in soils in residential and 
recreational areas near industrial �uoride sources also should be obtained.

• �� Additional studies on the relationship between individual �uoride 
exposures and measurements of �uoride in tissues (especially bone and nails) 
and bodily �uids (especially serum and urine) should be conducted. Such 
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studies should determine both absolute intakes (mg/day) and body-weight 
normalized intakes (mg/kg/day).

• �� Assumptions about the in�uence of environmental factors, particu-
larly 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 �uoride is needed in epidemi-
ology 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 in�uence exposure or effects, such as calcium, iodine, and aluminum 
intakes

	 – characterizing and grouping individuals by estimated (total) ex-
posure, rather than by source of exposure, location of residence, �uoride 
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 un-
certainties in measurements of �uoride concentrations in bodily �uids and 
tissues

	 – reporting data in terms of individual correlations between intake 
and effect, differences in subgroups, and differences in percentages of indi-
viduals showing an effect and not just differences in group or population 
means.

• 	 Further analysis should be done of the concentrations of �uoride 
and various �uoride species or complexes (especially �uorosilicates and 
alumino�uorides) 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 SiF6
2–, as opposed to free �uo-

ride ion, should be examined.
• 	 The biological effects of alumino�uoride complexes should be re-

searched further, including the conditions (exposure conditions and physi-
ological conditions) under which the complexes can be expected to occur 
and to have biological effects.
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Pharmacokinetics of Fluoride

This chapter updates pharmacokinetic information on �uoride de-
veloped since the earlier National Research Council review (NRC 1993). 
Particular attention is given to several potentially important issues for 
evaluation of the U.S. Environmental Protection Agency (EPA) maximum-
contaminant-level goal (MCLG), including the accumulation of �uoride in 
bone, pharmacokinetic modeling, cross-species extrapolation, and suscep-
tible populations. Consideration of biomarkers is provided in Chapter 2.

OVERVIEW OF FLUORIDE  CHEMISTRY , 
UNITS , AND  MEASUREMENT

Fluoride is the ionic form of �uorine, the most electronegative element. 
Water in the United States is typically �uoridated with �uorosilicates or 
sodium �uoride. In water at approximately neutral pH, �uorosilicates ap -
pear to entirely dissociate, producing �uoride ion, hydro�uoric 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 �uo-
rosilicates and aluminum �uoride complexes.

Inorganic �uoride takes two primary forms in body �uids: �uoride ion 
and HF. Organo�uorine compounds, and their potential relationship to 
inorganic �uoride, are discussed in Chapter 2 and later in this chapter.

A number of different units are commonly used to measure �uoride 
concentrations in water and biological samples (Table 3-1). Because the 
atomic weight of �uorine is 19, 1 µmol/L is equal to 0.019 milligrams per 
liter (mg/L). Bone ash is typically about 56% of wet bone by weight (Rao 
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et al. 1995), so 1,000 milligrams per kilogram (mg/kg) of �uoride in bone 
ash is equivalent to about 560 mg/kg wet weight.

Fluoride concentrations in body �uids typically are measured with 
a �uoride-speci�c 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 arti�cially �uoridated 
water have plasma concentrations in this range, studies that rely on �uoride 
electrodes alone might tend to overpredict concentrations in plasma and 
body �uids. The hexamethyldisiloxane diffusion method provides a way 
around this problem by concentrating the �uoride in samples before analysis 
(reviewed by Whitford 1996).

SHORT REVIEW OF FLUORIDE  PHARMA COKINETI CS: 
ABSORPTION , DISTRIBUTION , AND  ELIMINATION

A comprehensive review of �uoride pharmacokinetics is provided by 
Whitford (1996), and this section presents a brief overview of that informa-
tion. The pharmacokinetics of �uoride are primarily governed by pH and 
storage in bone. HF diffuses across cell membranes far more easily than 
�uoride ion. Because HF is a weak acid with a pKa of 3.4, more of the 
�uoride 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 �uoride. Fluoride is readily incorporated into calci�ed tis -
sues, such as bone and teeth, substituting for hydroxyls in hydroxyapatite 
crystals. Fluoride exchanges between body �uids 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 �uoride in the body, about 
99%, is contained in bone.

Fluoride is well absorbed in the alimentary tract, typically 70% to 
90%. For sodium �uoride 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 �uoride salts. A re-
cent study comparing hard and soft water found little difference in �uoride 
bioavailability in healthy young volunteers (Maguire et al. 2004). Fluoride 

TABLE 3-1 Commonly Used Units 
for Measuring Fluoride

Medium Unit Equivalent

Water 1 ppm 1 mg/L
Plasma 1 µmol/L 0.019 mg/L
Bone ash 1 ppm 1 mg/kg
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can increase the uptake of aluminum into bone (Ahn et al. 1995) and brain 
(Varner et al. 1998).

Fluoride concentrations in plasma, extracellular �uid, and intracellular 
�uid 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 �uid/plasma (T/P) ratios 
exceed one for the kidney because of high concentrations in the renal tu-
bules. 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 �uoride (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 �uoride 
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 Krech-
niak 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 �uoride at 125 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 �uoride 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 �uoride is removed per unit time. The rate of 
removal equals the clearance times the plasma �uoride concentration. Clear-
ances 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 �uoride” (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 �ltration rate. At low pH, more 
HF is formed, promoting reabsorption. Excretion of previously absorbed 
�uoride from the body is almost entirely via urine. Fluoride not absorbed 
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by the gut is found in feces. High concentrations of calcium in contents of 
the gastrointestinal tract can cause net excretion of �uoride.

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 �uoride 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 con-
trolled (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 �uoride to move back out of bone into body 
�uids, becoming subject to the same kinetics as newly absorbed �uoride. 
A study of Swiss aluminum workers found that �uoride bone concentra-
tions 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 �uoride 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.

PHARMA COKINETI C MODELS

Pharmacokinetic models can be useful for integrating research re-
sults and making predictions. Two important �uoride 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 �uoride in newly formed bone to plasma/
extracellular �uids. The relationship is close to linear until bone ash con-
centrations reach about 10,000 mg/kg; above that concentration the curve 
levels off. (Based on the chemical structure of �uorapatite, Ca10(PO4)6F2, 
the theoretical limit on bone �uoride concentration is 37,700 mg/kg.) The 
model was relatively successful at predicting �uoride bone concentrations 
due to chronic exposure compared with experimental data—for example, 
the human bone measurements of Zipkin et al. (1958). Bone �uoride con-
centrations were predicted to increase 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, 
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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 �uoride 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 �uoride resulting from osteoporosis treatment, involving about 25 mg 
of �uoride 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 expo-
sures to assumed water concentrations or other exposure scenarios, and (2) 
comparing plasma and bone �uoride 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  CON CENTRATIONS  IN  HUMAN  
BONE VERSUS WATER CON CENTRATION

Remarkably few data are available for studying the association between 
�uoride 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 
dif�cult to obtain from healthy living subjects. Among studies examining 
exposure to �uoride 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, cardio-
vascular disease, and cerebrovascular causes; three had renal disease. The 
authors recorded concentrations of �uoride in drinking water and bone as 
well as sex, age, and years of residence. Compared with today, many other 
sources of �uoride 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 �uoride content of the iliac crest, the 
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bone modeled by Turner et al. and Rao et al. Zipkin et al. concluded that 
average bone �uoride concentrations were linearly related to water con-
centration. (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 covari-
ates such as age. (This 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 

TABLE 3-2   Fluoride in Bone Due to Chronic Water Exposurea

Water Concentration, mg/L Average Iliac Crest Concentration, mg/kg Ash

0.1 665 �p 224 (n = 17)
1 2,249 �p 506 (n = 4)
2.6 4,496 �p 2,015 (n = 25)
4 6,870 �p 1,629 (n = 4)
Total 3,203 (n = 50)

	 aFifty-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 �uoridated water for 2 to 
4 years.

SOURCE: Zipkin et al. 1958.

FIGURE 3-1  Illiac crest data from Zipkin et al. (1958). Crude regression 
results: y = 517 + 1,549x; (r2 = 0.66); slope = 1,549 (95% con�dence interval 
[CI] = 1,227, 1,872).
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by including residence years and sex; age had little additional impact and 
was omitted in the �nal model (Table 3-3).

Several cross-sectional studies have found an association between �uo-
ride 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 Wei-
dmann (1958) were unusual in �nding 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 �uoride uptake by bones during childhood, the commit -
tee modeled exposure before puberty with an indicator variable, but this 
added little to the model. Very few data are available on bone �uoride con-
centrations in children. Most studies do not distinguish between trabecular 
and cortical bone, although the former have higher �uoride concentrations 
(Eble et al. 1992).

The model in Table 3-3 indicates that �uoride bone concentrations 
increased with �uoride 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 some-
times increase �uoride 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 �uoride bone concentra-
tions increase with water concentration and duration of chronic exposure.

What bone �uoride 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 �uo-
ride concentrations of 10,000 to 12,000 mg/kg in bone ash for females. Even 

TABLE 3-3   Multiple Regression Results for Zipkin Data

Coef�cient 95% CI P value

Intercept �556 mg/kg (�1,512, 401) 0.25
Water �uoride 1,527 (1,224, 1,831) 2.7 × 10�13

Residence, years 26.5 mg/kg/year (7.48, 45.5) 0.007
Sex (M = 0) 663 mg/kg (�148, 1,475) 0.11
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higher values would be predicted if other sources of �uoride 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 wa-
ter 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 �uoride 
but by less than �vefold 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 commit-
tee located only a few other studies that measured bone �uoride at similar 
water concentrations. A British study found bone concentrations of about 
5,700 mg/kg ash in people chronically exposed to water with �uoride at 1.9 
mg/L; these people are also thought to be exposed to �uoride in tea (Jackson 
and Weidmann 1958; see Turner et al 1993 for unit conversions). In an area 
of rural Finland with �uoride 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, �uoride 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 concentra-
tion 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 serum creatinine; residence time was not speci�ed. For 
people exposed to �uoride 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  CON CENTRATIONS  IN  BONES 
AFTER CLINI CAL STUDIES

A number of clinical studies measured bone �uoride concentrations 
after therapeutic treatment (van Kesteren et al. 1982; Boivin et al. 1988; 
Bayley et al. 1990; Gutteridge et al. 1990; Orcel et al. 1990; Boivin et al. 
1993; Søgaard et al. 1994; Lundy et al. 1995). Figure 3-2 summarizes these 
data, plotting �uoride concentrations in bone ash after treatment versus to-
tal exposure from the studies. The weighted least squares (WLS) regression 
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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 �uoridated areas; most (possibly 
all) of the other studies were conducted in European countries that do not 
�uoridate water. The two points farthest below the line delivered �uoride 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 �uoride are nonlinear, we would not 
necessarily expect people with the same cumulative exposure to have the 
same bone �uoride concentrations. Indeed, the model may overpredict 
bone concentrations for long-term exposure to lower �uoride concentra-
tions via water. Figure 3-2 also shows the average bone ash concentrations 
measured by Zipkin et al. for �uoride 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 �uoride 
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 

FIGURE 3-2  Bone �uoride concentrations versus total exposure in clinical 
trials. For comparison, the average bone concentration found by Zipkin et al. 
(1958) among subjects drinking water with �uoride at 4 mg/L is provided.
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may produce higher bone �uoride concentrations than long-term (decades), 
low-dose exposures. More time means more bone resorption, allowing a 
greater fraction of the total �uoride dose to be excreted. Additional research 
on this topic would be useful.

More detailed information on �uoride’s effects on bone cells and bone 
formation is presented in Chapter 5.

COM PARATI VE PHARMA COKINETI CS OF RATS AND  HUMANS

Among animal species, �uoride toxicology has been studied most ex-
tensively 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 appropri-
ate biomarker of internal exposure for some effects. Alternatively, one can 
compare plasma, tissue, and bone concentrations in rats and humans given 
the same dose.

Our knowledge of the comparative pharmacokinetics of �uoride is 
primarily limited to short-term studies of a small number of mammals. 
Using estimates of plasma, renal, and extrarenal �uoride 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 in 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 experi-
ments—are complicated by several factors. With chronic exposure, �uoride 
bone concentrations tend to increase over time. The amount of calcium in 
the diet affects the amount of �uoride absorbed. The dose of �uoride can 
depend on the concentration of �uoride in water, water consumption, and 
the amount of �uoride in the diet. If �uoride 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 hu-
mans to achieve the same plasma and bone �uoride concentrations. It has 
been suggested that rats might require water concentrations about �ve times 
larger than humans to reach the same plasma concentration (Dunipace et al. 
1995). For bone, Turner et al. (1992) estimated that “humans incorporate 
�uoride ~18 times more readily than rats when the rats are on a normal cal-
cium diet.” This comparison was also based on water concentrations. In Ap-
pendix D, this issue is brie�y reviewed. The factor for plasma is uncertain, in 
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part because it could change with age or duration of dose. It might be more 
appropriate to compare exposures than water concentration. Bone compari-
sons 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.

ORGANO FLUORINE  COM POUNDS

Two types of �uorine are found in human plasma: inorganic and or-
ganic. Up to now, this chapter has discussed the inorganic form. Remark-
ably, the amount of organic �uoride in serum is generally greater than the 
amount of inorganic �uoride (Whitford 1996). Interest in organo�uorine 
compounds has grown tremendously in the last decade. Two compounds 
(and their salts) dominate recent biological research: per�uorooctanesul-
fonate (PFOS; C8F17SO3

� ) and per�uorooctanoate (PFOA; C7F15COO� ). 
Both are straight-chain compounds with �uorine 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 µg/L of PFOS and 5 µg/L 
of PFOA (Olsen et al. 2003).

De�uorination of PFOA has not been detected in rat experiments 
(Vanden Heuvel et al. 1991; Kudo and Kawashima 2003). Given the sta-
bility of PFOA and PFOS, they do not appear to be important sources of 
inorganic �uoride, although more research is needed, particularly for PFOS. 
Degradation of other �uorocarbons might produce �uoride ion. Per�uo -
rooctanesulfonyl �uoride (POSF, C8F17SO2F) is used as a starting material 
for manufacturing polymers and surfactants. Residual POSF in products 
“may degrade or metabolize, to an undeterminate degree” to PFOS (Olsen 
et al. 2004, p. 1600). Certain anesthetics release �uoride ion during use 
(see Chapter 2).

FACTORS MODI FYING  PHARMA COKINETI CS AND  THEIR  
IM PLICATIONS  FOR POTENTIALLY  SUSCEPTI BLE POPULATIONS

Changes in chronic exposure to �uoride will tend to alter plasma and 
bone �uoride concentrations. A number of factors can modify the pharmaco-
kinetics, providing another way to change �uoride 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 �uoride ion. Increasing urinary pH thus 
tends to decrease �uoride retention. As a result, �uoride retention might be 
affected by environments or conditions that chronically affect urinary pH, 
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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 �uoride into bones than adults (Ekstrand et al. 1994; 
Whitford 1999). As discussed earlier, �uoride plasma and bone concen-
trations 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 �uoride in the 
elderly have been hypothesized to play a role.

Because the kidney is the major route of excretion, increased plasma 
and bone �uoride concentrations are not surprising in patients with kidney 
disease. Plasma �uoride concentrations are clearly elevated in patients with 
severely compromised kidney function, reduced glomerular �ltration rates 
of around 20% of normal, as measured via creatinine clearance or serum 
creatinine concentrations (Hanhijärvi 1974, 1982; Parsons et al. 1975; 
Schif� and Binswanger 1980; Waterhouse et al. 1980; Hanhijärvi and 
Penttilä 1981). Kuo and Stamm (1975) found no association. However, 
elevated serum concentrations were found in renal patients with normal 
serum creatinine (Hanhijärvi 1982).

Only a few studies have examined �uoride concentrations in bone in 
renal patients. Call et al. (1965) found doubled bone �uoride concentrations 
in �ve patients with chronic, severe kidney disease. Juncos and Donadio 
(1972) diagnosed systemic �uorosis (but did not measure bone �uoride 
concentrations) in two patients with reduced renal function and exposure 
to drinking water with �uoride at 1.7 and 2.6 mg/L. Four renal patients 
with severe skeletal changes or bone pain had elevated serum and bone 
�uoride 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 
�uoridated area. Bone �uoride concentrations were signi�cantly increased 
in dialysis patients compared with normal controls (Cohen-Solal et al. 
2002). In rats with surgically induced renal de�ciency (80% nephrectomy), 
glomerular �ltration rate decreased by 68%. After 6 months of �uoride 
treatment, bone �uoride concentrations approximately doubled (Turner et 
al. 1996).

Hanhijärvi and  Penttilä (1981) reported elevated serum �uoride in pa-
tients with cardiac failure. Fluoride concentrations were positively related to 
serum creatinine, although the concentrations of the latter did not indicate 
renal insuf�ciency. During cardiac failure, the body tries to maintain blood 
�ow to the heart and brain.

Although some studies report no difference in plasma �uoride concen-
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trations between men and women (e.g., Torra et al. 1998), others found 
greater rates of increase with age in females (Husdan et al. 1976; Hanhijärvi 
et al. 1981). Enhanced release of �uoride 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 �uoride concen-
trations in women (Arnala et al. 1985; Richards et al. 1994). A Finnish study 
reported that bone �uoride 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 insuf�ciency appears 
to increase bone �uoride concentrations, perhaps as much as twofold. The 
elderly are at increased risk of high bone �uoride concentrations due to 
accumulation over time; although less clear, decreased renal function and 
gender may be important.

FINDINGS

• �� Bone �uoride concentrations increase with both magnitude and 
length of exposure. Empirical data suggest substantial variations in bone 
�uoride concentrations at any given water concentration.

• �� On the basis of pharmacokinetic modeling, the current best estimate 
for bone �uoride concentrations after 70 years of exposure to �uoride 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 �uoride in 
water at 2 mg/L. The committee estimates average bone concentrations of 
4,000 to 5,000 mg/kg ash.

• �� Groups likely to have increased bone �uoride concentrations include 
the elderly and people with severe renal insuf�ciency.

• �� Pharmacokinetics should be taken into account when comparing 
effects of �uoride 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 �uoride 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 �uoride. As discussed in other chapters of this report, some 
soft tissue effects may be associated with �uoride exposure. Most measure-
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ments of �uoride in soft tissues are based on short-term exposures and some 
atypically high values have been reported. Thus, more studies are needed on 
�uoride concentrations in soft tissues (e.g., brain, thyroid, kidney) following 
chronic exposure.

• �� Research is needed on �uoride plasma and bone concentrations in 
people with small to moderate changes in renal function as well as patients 
with serious renal de�ciency. Other potentially sensitive populations should 
be evaluated, including the elderly, postmenopausal women, and people 
with altered acid-base balance.

• �� Improved and readily available pharmacokinetic models should be 
developed.

• �� Additional studies comparing pharmacokinetics across species are 
needed.

• �� More work is needed on the potential for release of �uoride by the 
metabolism of organo�uorines.
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Effects of Fluoride on Teeth

In this chapter, the committee reviews research on the occurrence of 
enamel �uorosis at different concentrations of �uoride in drinking water, 
with emphasis on severe enamel �uorosis and water �uoride concentra-
tions 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 �uorosis, aesthetic 
and psychological effects of enamel �uorosis, and effects of �uoride on 
dentin �uorosis 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 af�nity for the developing enamel because tooth 
apatite crystals have the capacity to bind and integrate �uoride ion into the 
crystal lattice (Robinson et al. 1996). Excessive intake of �uoride during 
enamel development can lead to enamel �uorosis, 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 �uorosis, 
diagnostic issues, indexes used to characterize the condition, and possible 
mechanisms.
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Clinical and Histological Features

Enamel �uorosis is a mottling of the tooth surface that is attributed to 
�uoride exposure during tooth formation. The process of enamel matura-
tion consists of an increase in mineralization within the developing tooth 
and concurrent loss of early-secreted matrix proteins. Exposure to �uoride 
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 �uoride’s effect on the breakdown rates of matrix proteins and on the 
rate at which the by-products from that degradation are withdrawn from 
the maturing enamel (Aoba and Fejerskov 2002).

Clinically, mild forms of enamel �uorosis are evidenced by white hori-
zontal 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 re�ected 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 Fejer-
skov 1978). In mild �uorosis, the enamel is usually smooth to the point of 
an explorer, but not in moderate and severe cases of the condition (Newb-
run 1986). In moderate to severe forms of �uorosis, porosity increases and 
lesions extend toward the inner enamel. After the tooth erupts, its porous 
areas may �ake 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 �uorosis (DenBesten and Thariani 1992). For most 
children, the �rst 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 �uoride at 7.8 
mg/L was inadvertently used for 12 years, no enamel �uorosis 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 �rst 3 years of life (Evans and Stamm 1991; Ishii and Suckling 1991; 
Levy et al. 2002a). Although it is possible for enamel �uorosis to occur when 
teeth are exposed during enamel maturation alone, it is unclear whether it 
will occur if �uoride exposure takes place only at the stage of enamel-matrix 
secretion. Fejerskov et al. (1994) noted that �uoride uptake into mature 
enamel is possible only as a result of concomitant enamel dissolution, such 
as caries development. Because the severity of �uorosis is related to the du-
ration, timing, and dose of �uoride intake, cumulative exposure during the 
entire maturation stage, not merely during critical periods of certain types 
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of tooth development, is probably the most important exposure measure to 
consider when assessing the risk of �uorosis (DenBesten 1999).

Mechanisms

Dental enamel is formed by matrix-mediated biomineralization. Crys-
tallites of hydroxyapatite (Ca10(PO4)6(OH) 2) form a complex protein ma-
trix 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 mineral-
ization that occurs with enamel �uorosis 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 �uoride in drinking water at 50 or 100 mg/L had lower total 
proteinase activity per unit of protein than control rats. Fluoride apparently 
interferes with protease activities by decreasing free Ca2+ concentrations in 
the mineralizing milieu (Aoba and Fejerskov 2002).

Matsuo et al. (1998) investigated the mechanism of enamel �uorosis 
in rats administered sodium �uoride (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 �uoride alters intracellular transport in the 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 �uorosis, particularly the moderate to se-
vere 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 
�uorosis. 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 unsuc-
cessful, the tooth breaking away when attempts were made to anchor the 
�llings, so that extraction was the only course.” Gruebbel (1952, p.153) 
expressed a similar viewpoint: “Severe mottling is as destructive to teeth as 
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is dental caries. Therefore, when the concentration is excessive, de�uorina-
tion or a new water supply should be recommended. The need for remov-
ing excessive amounts of �uorides 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 �uorosis (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 �uorosis is a toxic effect of �uoride intake that, in its severest forms, 
can produce adverse effects on dental health, such as tooth function and 
caries experience. For example:

• �� “The most severe forms of �uorosis manifest as heavily stained, pit-
ted, and friable enamel that can result in loss of dental function” (Burt and 
Eklund 1999).

• �� “In more severely �uorosed 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 super�cial 
enamel may break away . . . In the most severe forms of dental �uorosis, the 
extent and degree of porosity within the enamel are so severe that most of 
the outermost enamel will be chipped off immediately following eruption” 
(Fejerskov et al. 1990, p. 694).

• �� “With increasing severity, the subsurface enamel all along the tooth 
becomes increasingly porous . . . the more severe forms are subject to ex-
tensive mechanical breakdown of the surface” (Aoba and Fejerskov 2002, 
p. 159).

• �� “With more severe forms of �uorosis, caries risk increases because 
of pitting and loss of the outer enamel” (Levy 2003, p. 286).

• �� “ . . . the most severe forms of dental �uorosis might be more than 
a cosmetic defect if enough �uorotic enamel is fractured and lost to cause 
pain, adversely affect food choices, compromise chewing ef�ciency, and 
require complex dental treatment” (NRC 1993, p. 48).

Severe enamel �uorosis 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 
�uorosis. Bleaching is the least invasive procedure, but does not eliminate 
the dark stains associated with severe enamel �uorosis. Microabrasion 
involves the controlled abrasion of enamel to remove super�cial stains. 
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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 �uorosis, severely �uorosed teeth exhibited more defective 
surfaces following treatment. Pits and �ssures can be �lled with �owable 
composites. Partial veneers, composite veneers, and crowns provide the best 
aesthetic results for very severe enamel �uorosis, 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 treat-
ments should be used only in the most severe cases of enamel �uorosis.

Ascertaining Enamel Fluorosis

Enamel Fluorosis Indexes

The three main indexes used to grade enamel �uorosis in research are 
Dean’s index, the Thylstrup-Fejerskov index (TFI), and the tooth surface 
index of �uorosis (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 nor-
mal to severe, to classify individuals with regard to enamel �uorosis (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 de�nition of prevalence and trends, it suffers from limited sensitivity 
for analytical research in several ways. Because a person is assigned to a 
�uorosis 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 �uorosis are posterior teeth and not 
the aesthetically important anterior teeth, Dean’s index may misclassify 
individuals with respect to aesthetic effects (Grif�n 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 �uorosis, Dean’s index does not discriminate between 
staining and pitting or between discrete and con�uent pitting. In fact, Dean 
revised the index in 1942 to create the version in use today, which com-
bines the original “moderately severe” and “severe” categories. Despite its 
limitations, Dean’s index is by far the most widely used measure of enamel 
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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 �ecks to occasional white 
spots. This classi�cation is utilized when a de�nite diagnosis of the 
mildest form of �uorosis is not warranted and a classi�cation of 
“normal” is not justi�ed.

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 classi�cation 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 dis�guring 
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 classi�cation is the discrete or con�uent 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.

�uorosis in the research literature. As a consequence, any comprehensive 
review of the literature must rely upon it.

The TFI (Table 4-2), which classi�es the facial surface of each tooth on 
a 10-point scale (0 to 9), provides more criteria and categories for character-
izing mild and severe forms of �uorosis 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 con�uent pitting, enamel loss, and 
tooth deformation (scores 6-9). The TFI has been shown to be a valid indica-
tion of the �uoride content of �uorotic enamel. Most investigators combine 
TFI scores of 5 and higher, all of which include pitting, to form a category 
of severe enamel �uorosis.

The TSIF (Table 4-3) ascribes a �uorosis 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 characteriza-
tion of effects. A TSIF score of 5 is the lowest classi�cation on this scale 
that involves enamel pitting. Although some researchers combine scores 5-7 
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to classify severe enamel �uorosis, others extend their highest category of 
severity to include score 4, which includes staining but not pitting.

Other �uorosis 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 classi�cation 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 �uorosis. The �uorosis risk index (FRI) was developed speci�cally 
for use in case-control studies (Pendrys 1990), very few of which have been 
conducted.

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 con�uence 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: Con�uent 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: Con�uent 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, 
Community Dentistry and Oral Epidemiology.
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TABLE 4-3   Clinical Criteria and Scoring for the Tooth Surface Index of 
Fluorosis (TSIF)

Score Criteria

0 Enamel shows no evidence of �uorosis.
1 Enamel shows de�nite evidence of �uorosis—namely, areas with parchment-white 

color that total less than one-third of the visible enamel surface. This category 
includes �uorosis con�ned only to incisal edges of anterior teeth and cusp tips of 
posterior teeth (“snowcapping”).

2 Parchment-white �uorosis totals at least one-third, but less than two-thirds, of the 
visible surface.

3 Parchment-white �uorosis totals at least two-thirds of the visible surface.
4 Enamel shows staining in conjunction with any of the preceding levels of �uorosis. 

Staining is de�ned as an area of de�nite 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 de�ned as a de�nite physical defect in the enamel surface 
with a rough �oor 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 Con�uent 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.

A major difference among the three principal enamel �uorosis 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 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 �uorosis index, researchers using the TFI or TSIF some-
times, 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 �uorosis severity (other than “normal” or “unaffected”) will 
tend to be lowest if expressed as a proportion of all tooth surfaces, inter
mediate 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 esti-
mates at the person level are reviewed by the committee later in this chapter. 
When the interest is in aesthetic concerns about milder forms of �uorosis, 
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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 (nonclinical) 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 �uorosis.

Diagnostic Issues

The 1993 National Research Council (NRC) report found that the ac-
curacy of clinical diagnosis of �uorotic 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 �uoride. The ascertainment of severe enamel 
�uorosis, in contrast, is much more secure. This is especially true in studies 
of children in communities with relatively high water �uoride concentra -
tions 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 mot-
tling of the teeth that could not be attributed to �uoride exposure. For 
example, Whitford (1996) was unable to explain a high prevalence of 
severe lesions resembling �uorosis in individuals in Morrococha, Peru, on 
the basis of exposure to �uoride in water, food, or dental products. Yoder 
et al. (1998) found severe dental mottling in a population in Tanzania with 
negligible �uoride in the water (<0.2 mg/L). They noted that urinary �uo -
ride concentrations in affected subjects from that area were not consistent 
with concentrations found in subjects from a high-�uoride area who had 
severe enamel �uorosis. Mottling unrelated to �uoride 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 �uorosis (Seow 1993); the hypoplastic 
lesions of this condition have a de�ciency in the quantity of enamel with 
grooves and pits on the surface. Hypocalci�ed lesions have low mineraliza-
tion, 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).

Angmar-Mansson and Whitford (1990) reported that acute and chronic 
exposures to hypobaric hypoxia that occurs at high altitudes are associated 
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with bilaterally symmetrical and diffuse disturbances in enamel mineraliza-
tion that might be mistaken for �uorosis. More recently, Rweneyonyi et 
al. (1999) reported higher prevalences of severe enamel �uorosis at higher 
altitudes than at lower altitudes in Ugandan populations with the same 
water �uoride levels.

Some evidence from animal studies indicates that genetics might con-
tribute to susceptibility to enamel �uorosis (Everett et al. 2002). It has also 
been proposed that use of the antibiotic amoxicillin during infancy might 
contribute to the development of enamel �uorosis of the primary teeth 
(Hong et al. 2004).

A number of review articles evaluate the strengths and de�ciencies of 
the various indexes used to diagnose and characterize the degree of enamel 
�uorosis (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, clas-
si�cation 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 de�nitions. 
Nevertheless, the American Dental Association (2005) considers severe and 
even moderate �uorosis “typically easy to detect.”

• �� Examiner reliability is an important consideration in evaluation 
studies. Systematic interexaminer variability has been reported (Burt et al. 
2003). Rozier (1994) noted that only about half the studies available in 
1994 provided evidence that examiner reliability was evaluated. Although 
almost all of those assessments were conducted in populations in which 
severe enamel �uorosis was very rare, they showed an acceptable level of 
agreement.

• �� Agreement among examiners tends to be lower when enamel �uo-
rosis 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 �uorosis 
severity are grouped together. This approach is less problematic at compara-
tively low levels of �uoride 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 �uoride 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 �uorosis severity. Those reviews in 
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which severity distinctions have been drawn, such as NRC (1993) and IOM 
(1997), have tended to combine moderate and severe �uorosis into a single 
category. The present report focuses more speci�cally on the severe forms.

The committee compiled prevalence estimates at the person level for 
severe enamel �uorosis in relation to water �uoride 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 Ap-
pendix 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. 1987, 1990; Szpunar and Burt 
1988; Thaper et al. 1989; Jackson et al. 1995; Cortes et al. 1996; Akpata 
et al. 1997; Gopalakrishnan et al. 1999; Kumar and Swango 1999; Menon 
and Indushekar 1999; Rwenyonyi et al. 1999; Sampaio and Arneberg 1999; 
Awadia et al. 2000; Alarcón-Herrera et al. 2001; Grobler et al. 2001; Ermiş 
et al. 2003; Wondwossen et al. 2004). Results were excluded if they were 
for �uorosis indexes other Dean’s index, the TFI, the TSIF, or modi�ca-
tions thereof (e.g., Goward 1982; Nunn et al. 1992); for all �uorosis or 
for moderate and severe �uorosis combined (e.g., Warnakulasuriya et al. 
1992; Mella et al. 1994; Alonge et al. 2000; Burt et al. 2003); for primary or 
deciduous teeth as opposed to permanent teeth (e.g., McInnes et al. 1982); 
for different teeth separately with no results at the person level or for all 
teeth combined (e.g., Opinya et al. 1991); for unbounded upper catego-
ries of water �uoride 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 �uoride 
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 �uoride level was used. 
Results from studies of children and teenagers (age 20 years or younger) 
were tallied separately from results for adults. Severe enamel �uorosis was 
classi�ed as the “severe” classi�cation 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 meth-
ods 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 �uoride 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, �uorosis indexes, water 
�uoride measurement methods, and population characteristics in these stud-
ies conducted over a period spanning half a century, a clear trend is evident. 
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FIGURE 4-1  Prevalence of severe enamel �uorosis at the person level by water 
�uoride concentration, permanent teeth, age < 20 years, U.S. communities.

The prevalence of severe enamel �uorosis is close to zero in communities 
at all water �uoride 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 �uorosis severity are combined 
and related to either the water �uoride 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 �uoride 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 esti-
mates (Figure 4-1), an approximate population threshold for severe enamel 
�uorosis is evident at water concentrations below 2 mg/L.
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