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Preface

Fluoridation of public water supplies has aroused considerable discussion
among scientists and the general public since it began in 1945. Although the
majority of scientists support the measure, some take the view that fluoridation
can produce not only adverse cosmetic effects from severe dental fluorosis, but
also adverse health effects.

Scientists have become increasingly aware of the potential for exposure to
toxic concentrations of fluoride from water and other sources (e.g., foods,
processed beverages, dental products, and fluoride supplements). Thus, accurate
information on the potential health effects of fluoride is needed. To address that
need, the U.S. Environmental Protection Agency (EPA) requested that the
Committee on Toxicology (COT) review the health effects of ingested fluoride
and determine whether EPA's maximum contaminant level of 4 milligrams (mg)
of fluoride per liter (L) of drinking water is appropriate. In response, COT
organized the Subcommittee on Health Effects of Ingested Fluoride, which
included scientists with expertise in toxicology, pathology, medicine, dentistry,
epidemiology, biostatistics, and risk assessment. The subcommittee reviewed
various kinds of toxicity that have been attributed to ingestion of fluoride
(dental fluorosis; bone fracture; reproductive, renal, gastrointestinal, and
immunological toxicities; genotoxicity; and carcinogenicity) and assessed the
current EPA drinking-water standard for fluoride to determine if it is protective
of public health. The report of the subcommittee is intended for use by EPA in
deciding whether to maintain or revise its current drinking-water standard for
fluoride.
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Health Effects of Ingested Fluoride

Executive Summary

INTRODUCTION

Fluoridation of drinking water has been a subject of controversy for
decades. Over the past 50 years, the incidence of dental caries (cavities) has
declined considerably in the United States, an important health advance that
most scientists attribute principally to increased access to fluoridated water and
dental products. According to the U.S. Centers for Disease Control and
Prevention, approximately 132 million Americans now receive drinking water
that contains fluoride, either naturally occurring or added, at concentrations of
0.7 milligrams per liter (mg/L) or higher. Since the 1960s, the U.S. Public
Health Service (PHS) has recommended an ''optimal" fluoride concentration of
0.7-1.2 mg/L to prevent dental caries and minimize dental fluorosis. However,
there has been an increase in the prevalence of dental fluorosis a mottling of
tooth enamel that ranges from barely discernible enamel flecks in its mildest
forms to staining and pitting in its severest forms; the severest forms are rare in
the United States. EPA considers dental fluorosis to be a cosmetic effect and not
an adverse health effect.

Recent findings have renewed long-standing concerns of those who oppose
water fluoridation, claiming that ingestion of fluoride can lead to a variety of
unwanted effects. One animal study reported an equivocal increase in
osteosarcomas (malignant bone tumors) in male rats, but not in female rats, at
very high concentrations (100-175 mg/L). However,
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that result was not substantiated in a subsequent study in rats at even higher
doses.

In the United States, a few cases of crippling skeletal fluorosis (an increase
in the thickness of bones, which in advanced stages, is associated with
decreased mobility of joints and pain) have been reported in humans only when
fluoride concentrations in drinking water exceeded 8 mg/L over many years.
That concentration is much higher than the PHS recommendation of 0.7-1.2 mg/
L. To prevent skeletal fluorosis, the U.S. Environmental Protection Agency
(EPA) set the maximum contaminant level (MCL) for fluoride at 4 mg/L of
drinking water. In addition to fluoride in drinking water, however, people also
can ingest fluoride in toothpaste, mouth rinse, and dietary fluoride supplements
or in beverages and foods prepared with fluoridated water. As a result, many
Americans might ingest more "incidental" fluoride than was anticipated by PHS
and EPA in recommending standards for drinking water.

EPA responded to the concerns by requesting that the National Research
Council's Board on Environmental Studies and Toxicology (BEST) review the
current toxicological and exposure data on fluoride and determine whether
EPA's current MCL of 4 mg/L is acceptable for protecting the public from
potential adverse health effects of fluoride. EPA also asked BEST to identify
gaps in the fluoride toxicity data and to make recommendations for future
research.

In response to EPA's request, BEST's Committee on Toxicology
established the Subcommittee on Health Effects of Ingested Fluoride. The
subcommittee based its evaluation on a detailed examination of current data in
the following areas:

•   Intake, metabolism, and disposition of fluoride.
•   Dental fluorosis.
•   Bone strength and the risk of bone fracture.
•   Effects on the renal, gastrointestinal, and immune systems.
•   Reproductive effects in animals.
•   Genotoxicity.
•   Carcinogenicity in animals and humans.

This report deals with the possible toxic effects of ingested fluoride in
humans. It does not attempt to weigh fluoride's well-documented health benefits
against its possible adverse health effects.

EXECUTIVE SUMMARY 2
Ab

ou
t 

th
is

 P
D

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 t
he

 o
rig

in
al

 w
or

k 
ha

s 
be

en
 r

ec
om

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 f
ro

m
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 f

ro
m

 t
he

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Ingested Fluoride 
http://www.nap.edu/catalog/2204.html 36993 testimony submited by Mel Rader



INTAKE, METABOLISM, AND DISPOSITION OF FLUORIDE

The major sources of fluoride intake are water and other beverages, food,
and fluoride-containing dental products. Groundwater, a major source of
drinking water in many communities, can contain fluoride at concentrations
ranging from less than 0.1 mg/L to more than 100 mg/L in some parts of the
world (e.g., Africa and China). Coffee, tea, and soft drinks made with that water
might have corresponding concentrations of fluoride. Concentrations in food
depend on the levels in the soil, but they can increase or decrease depending on
the fluoride concentrations in the water used in food preparation. Dental
products available in the United States and meant to be used topically (and not
ingested) contain fluoride at concentrations ranging from 230 to over 12,000
parts per million (ppm).

The average intake of dietary fluoride by young children whose water
supply contains fluoride at 0.7-1.2 mg/L is approximately 0.5 mg per day,
although substantial variation occurs. Because it is associated with optimal
fluoridation, this level of fluoride intake (0.5 mg per day, or 0.04-0.07 mg per
kilogram (kg) of body weight per day) generally has also been accepted as
optimal. Nursing infants receive negligible fluoride from breast milk, but intake
from formulas can range from less than 0.4 to over 1.0 mg per day when
reconstituting powder concentrate with fluoridated water, a range that can
exceed the optimal level. Dietary intake by adults in areas with fluoridated
water has been estimated at 1.22.2 mg per day, although intake by some
individuals, such as outdoor laborers in warm climates or those with urinary
disorders, can be considerably higher.

Accurate estimates of fluoride exposure cannot be based simply on the
concentration of fluoride in drinking water. For example, dental products can be
an important source of ingested fluoride, especially for young children who
have poor control over the swallowing reflex. Even for older children, intake
from toothpaste and mouth rinse can still equal the daily intake from food,
water, and other beverages. Soft drinks, which often contain fluoride at 0.3-0.5
mg per 12-ounce serving, are an important additional source of fluoride. Studies
of dental fluorosis indicate that children's exposure to fluoride has increased
since the 1970s.

Approximately 75-90% of the fluoride ingested each day is absorbed
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from the alimentary tract. Because of its chemical affinity for calcium
compounds, about half of that fluoride becomes associated with teeth and bones
within 24 hours of ingestion. In growing children, even more of the ingested
fluoride is retained because of the large surface area provided by numerous and
loosely organized bone crystallites. The remaining fluoride is eliminated almost
exclusively by the kidneys, and the rate of renal clearance is directly related to
urinary pH. As a result, diet, drugs, metabolism, and other factors can affect the
extent to which fluoride is retained in the body.

Recommendations for further research are (1) to determine and compare intake
of fluoride from all sources (this recommendation has implications for research
design in several of the areas that follow); and (2) to determine the metabolic
characteristics of fluoride in infants, young children, and the elderly, as well as
in patients with progressive renal disease.

DENTAL FLUOROSIS

Fluoride prevents tooth decay by enhancing the remineralization of enamel
that is under attack, as well as inhibiting the production of acid by decay-
causing bacteria in dental plaque. Fluoride is also a normal constituent of the
enamel itself, incorporated into the crystalline structure of the developing tooth
and enhancing its resistance to acid dissolution.

One side effect of too much fluoride ingested in early childhood while
teeth are forming, however, is dental fluorosis; the enamel covering of the teeth
fails to crystallize properly, leading to defects that range from barely discernible
to severe brown stain, surface pitting, and brittleness. Fluoride intake by
children 2-5 years old is particularly important because the anterior (front)
permanent teeth are at the early-maturation stage, during which they are
particularly susceptible to fluoride-induced changes. Dental fluorosis also is a
dose-response condition: the greater the fluoride intake during tooth
development, the more severe the dental fluorosis. Depending upon the amount
and time (relative to tooth development) of fluoride absorbed, severity of dental
fluorosis can range from barely discernible to severe manifestations of stained
and pitted tooth enamel. PHS's recommended fluoride concentration in drinking
water,
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0.7-1.2 mg/L, was designed to maximize prevention of dental caries while
limiting the prevalence of dental fluorosis to about 10% of the population,
virtually all of it mild to very mild.

A 1991 report from PHS of the U.S. Department of Health and Human
Services compiled the results of independent investigations conducted during
the 1980s on dental fluorosis in 24 cities and compared them with a series of
PHS surveys conducted during the late 1930s and early 1940s in 21 cities. That
comparison showed that the prevalence of dental fluorosis, most of it very mild
to mild, had increased. The 1980s data showed that the mean prevalence of
dental fluorosis in four cities with optimally fluoridated water supplies was
around 22% (17% very mild, 4% mild, 0.8% moderate, and 0.1% severe). In
another city with a water fluoride concentration in the range of 1.8-2.2 mg/L,
dental fluorosis prevalence was 53% (23% very mild, 17% mild, 8% moderate,
and 5% severe). In two other cities with water fluoride concentrations greater
than 3.7 mg/L, prevalence was around 84% (25% very mild, 27% mild, 19%
moderate, and 14% severe). The data in the PHS report also showed that the
greatest relative increase in fluorosis prevalence since the early studies was in
communities with very low water fluoride concentrations, demonstrating the
influence of sources of fluoride other than water. Those sources make it
difficult to estimate fluoride exposure; they represent a source of possible error
in estimating fluoride intake in studies of the relation between fluoride exposure
and dental fluorosis. Moreover, there is disagreement on whether dental
fluorosis (even moderate-to-severe dental fluorosis, in which substantial tooth
enamel is affected and dental treatment might be required) is a cosmetic
problem or an adverse health effect.

In general, the evidence supports the conclusion that fluoridation at the
recommended concentrations, in the absence of fluoride from other sources,
results in a prevalence of mild-to-very-mild (cosmetic) dental fluorosis in about
10% of the population and almost no cases of moderate or severe dental
fluorosis. At 5 or more times the recommended concentration, the proportion of
moderate-to-severe dental fluorosis is substantially higher. The most effective
approach to controlling the prevalence and severity of dental fluorosis, without
jeopardizing the benefits of fluoride to oral health, is likely to come from more
judicious control of fluoride in foods, processed beverages, and dental products,
especially those items used by young children.
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Recommendations for further research are to identify sources of fluoride
during the critical stages of tooth development in childhood and evaluate the
contribution of each source to dental fluorosis. Further research should be
aimed at the goal of minimizing exposure to fluoride concomitant with
maintaining effectiveness in preventing caries.

FLUORIDE AND BONE FRACTURES

The effect of fluoride on bone strength, hip fractures, and skeletal fluorosis
in humans has been addressed in two types of studies. The first type involves
clinical trials of the effectiveness of high concentrations of fluoride supplements
in strengthening bones and preventing further fractures in patients with
osteoporosis; this treatment has been used primarily in Europe for almost 30
years. When conducted using proper control groups, these studies showed little
or no benefit even at dosages of 20-32 mg per day, well over 10 times the
exposure from fluoridated drinking water. If anything, the treated groups
experienced a greater number of new fractures, including painful stress
fractures in bones other than the vertebrae.

The second type of human study involves epidemiological investigations.
These studies compared the rate of bone fracture in populations of the elderly
that differed in their exposure to natural or added fluoride in drinking water.
Geographic and time-trend analyses were made; time-trend analysis is
considered the stronger methodology because there is less opportunity for
confounding by other risk factors. Of the six epidemiological studies that used
geographic comparisons (where no actual intake data were available), four
found a weak association between fluoride in drinking water and the risk of hip
fracture. Two additional studies examined time trends in bone fracture before
and after water fluoridation: one found no association and the other a negative
association. Only two additional studies collected information on individual
exposure: one (essentially a geographic comparison) found an increased risk of
hip fracture at water fluoride concentrations of 4 mg/L, and the other observed
no difference in risk.

Studies with several species of experimental animals have yielded various
outcomes. Most of the studies indicated little or no effect on bone strength, even
with very high fluoride intake and very high concentrations
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of fluoride in bone. The subcommittee identified many potential problems in the
experimental design of the animal studies, including the lack of suitable control
groups with reasonably low fluoride exposures. However, the subcommittee
concluded that the weight of evidence indicates that bone strength is not
adversely affected in animals that are fed a nutritionally adequate diet unless
there is long-term ingestion of fluoride at concentrations of at least 50 mg/L of
drinking water or 50 mg/kg in diet.

In view of the conflicting results and limitations of the current data base on
fluoride and the risk of hip or other fractures, the subcommittee concludes that
there is no basis at this time to recommend that EPA lower the current standard
for fluoride in drinking water for this end point. However, the subcommittee
recommends additional research to improve the current data base.

A recommendation for further research is to conduct additional studies of hip
and other fractures in geographical areas with high and low fluoride
concentrations in drinking water and to make use of individual information
about water consumption. These studies should also collect individual
information on bone fluoride concentrations and intake of fluoride from all
sources, as well as reproductive history, past and current hormonal status,
intake of dietary and supplemental calcium and other cations, bone density,
and other factors that might influence risk of hip fracture.

EFFECTS OF FLUORIDE ON THE RENAL SYSTEM

Renal excretion is the major route of elimination for inorganic fluoride
from the body. As a result, kidney cells are exposed to relatively high fluoride
concentrations, making the kidney a potential site for acute fluoride toxicity.
Animal studies have shown that very high water fluoride concentrations of
100-380 mg/L can lead to necrosis of proximal and renal tubules, interstitial
nephritis, and dilation of renal tubules. However, human epidemiological
studies have found no increase in renal disease in populations with long-term
exposure to fluoride at concentrations of up to 8 mg/L of drinking water.

The subcommittee concludes that available evidence shows that the
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threshold dose of fluoride in drinking water for renal toxicity in animals is
approximately 50 mg/L. The subcommittee therefore believes that ingestion of
fluoride at currently recommended concentrations is not likely to produce
kidney toxicity in humans.

EFFECTS OF FLUORIDE ON THE GASTROINTESTINAL
SYSTEM

In the acid environment of the stomach, fluoride and hydrogen ions can
combine to form hydrogen fluoride, which, at sufficiently high concentrations,
can be irritating to the mucous membranes of the stomach lining. Experimental
studies with several animal species have shown dose-dependent adverse effects,
such as chronic gastritis and other lesions of the stomach, at fluoride
concentrations of 190 mg/L and higher. Reports of gastrointestinal effects in
humans often involve workers exposed to unknown concentrations of fluoride
in the workplace, so that the contribution of fluoride exposure to the risk of
adverse health effects is unknown. The subcommittee noted that these workers
could also be exposed to other toxic substances present in the work
environment. There have been few studies of the gastrointestinal effects of
fluoride at low concentrations.

The subcommittee concludes that the available data show that the
concentrations of fluoride found in drinking water in the United States are not
likely to produce adverse effects in the gastrointestinal system.

EFFECTS OF FLUORIDE ON HYPERSENSITIVITY AND THE
IMMUNE SYSTEM

Few animal and human data on sodium fluoride-related hypersensitivity
reactions are found in the literature. In animal studies, excessively high doses,
inappropriate routes of administration of fluoride, or both were used. Thus, the
predictive value of those data, in relation to human exposures at accepted
exposure levels, is questionable. Reports of hypersensitivity reactions in
humans resulting from exposure to sodium fluoride are mostly anecdotal.
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The literature pertaining to immunological effects of fluoride is limited.
Although direct exposure to high concentrations of sodium fluoride in vitro
affects a variety of enzymatic activities, the relevance of the effects in vivo is
unclear. Standardized immunotoxicity tests of sodium fluoride at relevant
concentrations and routes of administration have not been conducted. The
weight of evidence shows that fluoride is unlikely to produce hypersensitivity
and other immunological effects.

EFFECTS OF FLUORIDE ON REPRODUCTION

There have been reports of adverse effects on reproductive outcomes
associated with high levels of fluoride intake in many animal species. In most of
the studies, however, the fluoride concentrations associated with adverse effects
were far higher than those encountered in drinking water. The apparent
threshold concentration for inducing reproductive effects was 100 mg/L in
mice, rats, foxes, and cattle; 100-200 mg/L in minks, owls, and kestrels; and
over 500 mg/L in hens.

Based on these findings, the subcommittee concludes that the fluoride
concentrations associated with adverse reproductive effects in animals are far
higher than those to which human populations are exposed. Consequently,
ingestion of fluoride at current concentrations should have no adverse effects on
human reproduction.

GENOTOXICITY

Fluoride has been tested extensively for its genotoxicity. It does not
damage DNA or induce mutations in microbial systems, but it has produced
mutations and chromosomal damage in several in vitro tests with mammalian
cells. Sodium fluoride, in particular, inhibits protein and DNA synthesis and has
been reported to cause chromosomal aberrations in human cells. The lowest
effective dose in these cell-culture studies was a fluoride concentration of
approximately 10 μg/mL, whereas the normal concentration in human plasma is
0.02-0.06 μg/mL, even in areas where drinking water is fluoridated, which
means that there is a large margin of safety.

Sodium fluoride and other fluoride salts also have been tested for
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genotoxicity in the fruit fly Drosophila, as well as in mice and rats. The
subcommittee's review of the results of these in vivo studies was inconclusive,
however, because of differences in protocols and insufficient detail to support a
thorough analysis. There are no published studies on the genetic or cytogenetic
effects of fluoride in humans.

The subcommittee concludes that the genotoxicity of fluoride should not
be of concern at the concentrations found in the plasma of most people in the
United States.

CARCINOGENICITY

More than 50 epidemiological studies have examined the relation between
fluoride concentrations in drinking water and human cancer. Most studies
compared geographic or temporal patterns of cancer occurrences with
distributions of fluoride in drinking water. These studies provide no credible
evidence for an association between fluoride in drinking water and the risk of
cancer. The existence of such an extensive epidemiological data base on
fluoride with no consistent evidence of carcinogenic effects suggests that, if
there is any increase in cancer risk due to exposure to fluoride, it is likely to be
small. However, most of these studies used geographic and temporal
comparisons of cancer rates and hence are of limited sensitivity. Further
analytical studies with accurate information on individual fluoride exposures
and disease diagnoses are therefore desirable.

The subcommittee also reviewed the literature on the potential
carcinogenic effects of fluoride in animals. Although the results of earlier
animal studies were largely negative, the studies were not conducted using
current bioassay techniques and are thus of limited value. The subcommittee
placed greater weight on two recent studies. The first, conducted by the
National Toxicology Program (NTP), administered fluoride at concentrations of
up to 175 mg/L of drinking water. Although the results were negative for male
and female mice and female rats, there was some evidence of a dose-related
increase in the incidence of osteosarcomas in male rats. However, these results
were not confirmed by a second study conducted by Procter & Gamble, in
which fluoride was administered in the diet at doses higher than those in the
NTP study. The Procter & Gamble study did produce a significant dose-related in
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crease in the incidence of osteomas (benign bone tumors) in male and female
mice. However, these lesions were not considered to be neoplastic and, in any
event, have no known counterpart in human pathology.

The subcommittee concludes that the available laboratory data are
insufficient to demonstrate a carcinogenic effect of fluoride in animals. The
subcommittee also concludes that the weight of the evidence from the
epidemiological studies completed to date does not support the hypothesis of an
association between fluoride exposure and increased cancer risk in humans.

Nonetheless, the subcommittee recommends conducting one or more carefully
designed analytical epidemiological (case-control or cohort) studies to more
fully evaluate the relation between fluoride exposure and cancer, especially
osteosarcomas, at various sites, including bones and joints. In conducting such
studies, it is important that individual exposure to fluoride from all sources be
determined as accurately as possible.

CONCLUSIONS

Based on its review of available data on the toxicity of fluoride, the
subcommittee concludes that EPA's current MCL of 4 mg/L for fluoride in
drinking water is appropriate as an interim standard. At that level, a small
percentage of the U.S. population will exhibit moderate or even severe dental
fluorosis. However, the question of whether to consider dental fluorosis a
cosmetic effect or an adverse health effect and the balancing of the health risks
and health benefits of fluoride are matters to be determined by regulatory
agencies and are beyond the charge or expertise of this subcommittee.

The subcommittee found inconsistencies in the fluoride toxicity data base
and gaps in knowledge. Accordingly, it recommends further research in the
areas of fluoride intake, dental fluorosis, bone strength and fractures, and
carcinogenicity. The subcommittee further recommends that EPA's interim
standard of 4 mg/L should be reviewed when results of new research become
available and, if necessary, revised accordingly.
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1

Introduction

Early in this century, researchers observed that people with dental
fluorosis, or mottled teeth, had a lower incidence of dental caries than people
without dental fluorosis. Later, naturally occurring fluoride in drinking water
was identified as being responsible for the reduction in dental caries.
Community studies conducted in the 1940s showed an inverse relation between
fluoride in drinking water and dental caries. Those findings led to the public-
health practice of adding fluoride to fluoride-deficient water. Since 1962, the
''optimal" concentration of fluoride in drinking water for the United States has
been set at 0.7-1.2 milligrams per liter (or parts per million),1 depending on the
mean temperature of the locality (0.7 mg/L for areas with warm climates, where
water consumption is high, and 1.2 mg/L for cool climates, where water
consumption is low). That range has been considered optimal because it
provides a balance between prevention of dental caries and occurrence of
objectionable dental fluorosis. Objectionable dental fluorosis is a mottling of
dental enamel characterized by staining or pitting.

In addition to ingesting fluoride in drinking water, people now receive
fluoride from a large number of other sources, such as toothpastes, mouth
rinses, soft drinks, tea, processed foods, and vegetables. Fluoride

1 The fluoride level in drinking water can be expressed equivalently as parts per
million (ppm) or milligrams per liter (mg/L). Fluoride concentrations in tissues such as
bone can be expressed equivalently as parts per million or milligrams per kilogram.
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is also added when fluoridated water is used during cooking. Therefore, fluoride
intake from sources other than drinking water can be substantial.

Despite the apparent success of water fluoridation in reducing the
incidence of dental caries, water fluoridation remains controversial. Some
people believe that fluoride can cause severe dental fluorosis, which may lead
to psychological problems. Assertions have been made that fluoride is related to
skeletal fluorosis and subsequent fractures, cancer, soft-tissue effects, and
arthritis. Critical analysis of toxicological data on fluoride has shown, however,
that important adverse health effects, such as crippling skeletal fluorosis and
kidney and other soft-tissue damage, occur in humans only when fluoride
concentrations in drinking water exceed 8 mg/L for many years. The
controversy escalated in 1975 when those opposed to fluoridation claimed that
cancer mortality was higher in areas with fluoridated water than in areas with
nonfluoridated water. Although that claim was refuted subsequently by other
investigators, the lingering concern over a possible association between
fluoridation and cancer prompted the National Toxicology Program (NTP) of
the U.S. Department of Health and Human Services to conduct a
carcinogenicity bioassay to determine whether sodium fluoride is carcinogenic
in mice and rats. The results of the NTP study were published in 1990 in a
report entitled "Toxicology and Carcinogenesis Studies of Sodium Fluoride in
F344/N Rats and B6C3F1 Mice (Drinking Water Studies)." The results of this
study are that

[u]nder the conditions of the 2-year dosed water studies, there was equivocal
evidence of carcinogenic activity of sodium fluoride in male F344/N rats,
based on the occurrence of a small number of osteosarcomas in dosed animals.
'Equivocal evidence' is a category for uncertain findings defined as studies that
are interpreted as showing a marginal increase of neoplasms that may be
related to chemical administration. There was no evidence of carcinogenic
activity in female F344/N rats receiving sodium fluoride at concentrations of
25, 100, or 175 mg/L sodium fluoride in drinking water for 2 years. There was
no evidence of carcinogenic activity of sodium fluoride in male or female mice
receiving sodium fluoride at concentrations of 25, 100, or 175 mg/L in
drinking water for 2 years.
Dosed rats had lesions typical of fluorosis of the teeth and female rats
receiving drinking water containing 175 mg/L sodium fluoride had increased
osteosclerosis of long bones [NTP, 1990].
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The NTP findings have further stimulated the controversy regarding the safety
of fluoride.

In response to the controversy, especially regarding possible
carcinogenicity of fluoride, the U.S. Environmental Protection Agency (EPA)
requested that the National Research Council's Board on Environmental Studies
and Toxicology (BEST) review the toxicological and exposure data for fluoride
and characterize the risk associated with ingested fluoride (e.g., from water and
food) and determine whether EPA's current maximum contaminant level (MCL)
of 4 mg/L of drinking water is acceptable to protect the public health. In
addition, EPA requested identification of gaps in fluoride data and
recommendations for future research. In response to EPA's request, this project
was assigned to BEST's Committee on Toxicology. The Subcommittee on
Health Effects of Ingested Fluoride was established to review the current
fluoride toxicity data and drinking-water standards.

This report is the result of a detailed evaluation of possible adverse health
effects associated with ingested fluoride. The report examines in detail the
current data on carcinogenicity of fluoride in humans and animals, dental
fluorosis, skeletal effects, effects on the renal, gastrointestinal, and immune
systems, effects on reproduction, and genotoxicity from ingested fluoride. In
addition, gaps in knowledge on fluoride toxicity are identified, and
recommendations are made to minimize the risk to human health from fluoride
ingestion.

Chapter 2 discusses dental fluorosis. Chapter 3 reviews the relation of
fluoride intake to bone strength, hip fractures, and skeletal fluorosis. Chapter 4
considers the reproductive toxicity of fluoride. Chapter 5 discusses the effects
of fluoride on the renal, gastrointestinal, and immune systems. Chapter 6
reviews the genotoxicity of fluoride. Chapter 7 presents the results of
carcinogenicity studies in humans and animals. Chapter 8 considers the
pharmacokinetics of fluoride.
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2

Dental Fluorosis

THE FLUORIDE CONTENT OF TEETH

All humans ingest fluoride to some extent, and fluoride's affinity for
calcified tissues makes it a normal constituent of dental tissues. Up to 4 times as
much fluoride is contained in dentin, the bone-like material that constitutes the
bulk of a tooth, as in enamel, the visible outer layer. Fluoride is not evenly
distributed in enamel and is concentrated primarily on the outer enamel surface.
Most fluoride is incorporated into the crystalline lattice of enamel before tooth
eruption, but more is incorporated into the enamel crystals immediately after
eruption, while the enamel is still maturing. The capacity for sound, newly
erupted teeth to absorb fluoride into the enamel's crystalline lattice, however,
rapidly diminishes as the enamel matures (Weatherell et al., 1977). As a result,
the amount of fluoride in dental enamel does not increase with age to nearly the
same extent as in bone. Enamel that has undergone demineralization, the first
histological effect of dental caries, and subsequent remineralization contains
higher concentrations of fluoride than does sound enamel (Silverstone, 1977).

The concentration of fluoride in sound, mature tooth enamel, at a depth of
approximately 2 micrometers (μm), averages 1,700 ppm in people residing in
areas with low concentrations of fluoride in drinking

DENTAL FLUOROSIS 19
Ab

ou
t 

th
is

 P
D

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 t
he

 o
rig

in
al

 w
or

k 
ha

s 
be

en
 r

ec
om

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 f
ro

m
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 f

ro
m

 t
he

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Ingested Fluoride 
http://www.nap.edu/catalog/2204.html 36993 testimony submited by Mel Rader



water (i.e., fluoride at 0.1 mg/L or less) and 2,200-3,200 ppm in areas with
concentrations of fluoride at approximately 1.0 mg/L. Enamel fluoride
concentrations of this order have no adverse impact on oral health; indeed, the
presence of fluoride in the crystalline lattice of dental enamel can only increase
the enamel's resistance to dissolution in decay-causing acids. When drinking
water contains naturally occurring fluoride at 5-7 mg/L (much higher than
recommended), enamel fluoride concentrations have been measured at 4,800
ppm (Aasenden, 1974). No data could be found on enamel fluoride
concentrations in people residing in areas where drinking water contains 1-5 mg/
L. People from areas with high concentrations of naturally occurring fluoride in
drinking water (i.e., 5-7 mg/L) usually exhibit severe dental fluorosis, and their
enamel can become brittle enough to fracture at incisal edges and cusp tips.
Caries might begin in the broken enamel, and, even if it does not, teeth in this
condition often require treatment to restore function.

FLUORIDE'S ACTION IN PREVENTING DENTAL CARIES

Various forms of fluoride have been used in American dentistry over the
past 40 years to prevent tooth decay. The results have been highly successful,
and the prevalence and severity of dental caries in the 1990s are substantially
reduced from the levels seen in the 1950s.

Fluoride's action in preventing caries comes from both pre-eruptive and
post-eruptive mechanisms (Dawes, 1989). In some studies of water fluoridation,
the greatest reductions in caries were seen in children who were born as
fluoridation began or thereafter, evidence that supports a pre-eruptive effect
(Grainger and Coburn, 1955; Forrest and James, 1965; Horowitz and Heifetz,
1967; Katz and Muhler, 1968; Chandra et al., 1980). However, evidence of
caries-preventive effects in teeth already erupted or in the process of erupting
when fluoridation began is also long-standing (Klein, 1945, 1946; Arnold et al.,
1953; Ast and Chase, 1953; Backer Dirks et al., 1961; Russell and Hamilton,
1961; Backer Dirks, 1967) and has been confirmed more recently (Hardwick et
al., 1982). The relative importance of pre-eruptive and post-eruptive effects
continues to be researched and debated (Groeneveld et al., 1990;
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Horowitz, 1990; Thylstrup, 1990), although the mechanisms of the effects are
well-defined.

Pre-eruptively, ingested fluoride is incorporated into the developing
enamel hydroxyapatite crystal, where it has the effect of reducing enamel
solubility (Beltran and Burt, 1988). Pre-eruptive fluoride might prevent caries
more effectively in pit-and-fissure lesions than in smooth-surface caries
(Groeneveld et al., 1990).

Post-eruptively, the frequent infusion of low-concentration fluoride into
the oral cavity, such as drinking fluoridated water or regular brushing with a
fluoride toothpaste, enhances remineralization (i.e., rebuilding of the enamel
matrix) when demineralization has occurred in the early stages of the carious
process (Koulourides, 1990). Some of the fluoride that comes into the mouth
from water, food, or toothpaste concentrates in dental plaque (Singer et al.,
1970), where most of it is held in bound rather than free ionic form. The bound
fluoride can be released in response to lowered plaque pH that demineralizes
enamel (Tatevossian, 1990), and fluoride is taken up more readily by
demineralized enamel than by sound enamel (White and Nancollas, 1990). The
availability of plaque fluoride to respond to acid challenge leads to gradual
establishment of well-crystallized and more acid-resistant apatite in the enamel
surface during the frequent demineralization-remineralization cycles (Ericsson,
1977; Thylstrup et al., 1979; Kidd et al., 1980; Chow, 1990; Thylstrup, 1990).

Plaque fluoride also inhibits glycolysis, the process in which sugar is
metabolized by bacteria to produce acid. Plaque fluoride can retard the
production of extracellular polysaccharide by cariogenic bacteria, a production
that is necessary for plaque to adhere to smooth enamel surfaces and, hence, for
caries to occur (Hamilton, 1990).

In assessing the relative impact of pre-eruptive and post-eruptive effects of
fluoride, it became evident by the mid-1970s that a high concentration of
enamel fluoride could not by itself explain the extensive reductions in caries
that fluoride produced (Levine, 1976). As described earlier, enamel fluoride
concentrations at a depth of 2 μm average 1,7004,800 ppm, depending on age
and fluoride exposure. The theoretical concentration of fluoride in pure
fluorapatite that would reduce its acid solubility to the extent necessary to
explain all reductions in caries is approximately 38,000 ppm (Wefel et al.,
1986). It has also been shown
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that high concentrations of enamel fluoride do not necessarily mean that caries
will not occur (Arends and Christoffersen, 1990). The evidence collectively
demonstrates that fluoride prevents caries by post-eruptive actions as well as by
pre-eruptive incorporation of hydroxyapatite crystals into the enamel.

In addition, high-concentration fluoride at approximately 12,000 ppm, as
used in professionally applied gels, might have a specific bactericidal action on
cariogenic bacteria in plaque (Bowden, 1990). Those gels also leave a
temporary layer of calcium fluoride on the enamel surface, which is available
for release when the pH at the enamel surface is lowered (LeGeros, 1990). The
cariogenic bacterium Streptococcus mutans has been shown to become less
acidogenic through adaptation to an environment where it is regularly exposed
to low concentrations of fluoride in drinking water or to higher concentrations
in toothpastes and mouth rinses (Rosen et al., 1978; Bowden, 1990; Marquis,
1990). It is plausible, though not confirmed, that this ecological adaptation
reduces the cariogenicity of S. mutans in humans (van Loveren, 1990).

HISTOPATHOLOGY OF DENTAL FLUOROSIS

Dental fluorosis is a condition of the dental hard tissues; it is not a
generalized health effect. It is defined as a hypomineralization of enamel,
characterized by greater surface and subsurface porosity than is found in normal
enamel, and results from excess fluoride reaching the growing tooth during its
developmental stages (Fejerskov et al., 1990). The staining, which is
characteristic of more severe forms of fluorosis, actually develops after tooth
eruption, but is seen only when porous enamel has formed before eruption
(Fejerskov et al., 1990). Surface enamel that exhibits dental fluorosis contains
higher concentrations of fluoride than does unaffected enamel, and the fluoride
content generally increases with the severity of the condition (Richards et al.,
1989). The fluoride content of crystals in the hypomineralized subsurface layer
is low, however, when compared with the content of crystals in the more fully
mineralized enamel surface layers (Richards et al., 1989; Yanagisawa et al.,
1989), and these subsurface crystals appear stunted when examined
microscopically.

The process of enamel maturation consists of an increase in mineralization
within the developing tooth and a concurrent loss of early-secreted
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matrix proteins. Excess fluoride available to the enamel during maturation
disrupts mineralization and results in excessive retention of enamel proteins.
This process has been well-illustrated in animal studies. When rats were given
various concentrations of fluoride in their drinking water over a 5-week period,
no differences were found in the protein content of fluorotic enamel and control
enamel during the secretory phase of enamel formation (Den Besten, 1986).
However, in fluorotic enamel during the early-maturation stage, animals
receiving high doses of fluoride had more enamel proteins retained. At the late-
maturation stage, differences were again less apparent, and only the dental
enamel from animals with the highest fluoride intake contained more protein
(Den Besten, 1986). This research indicates that the early-maturation stage is
the developmental period when enamel is most sensitive to the effects of
fluoride.

Other research in various animal models (Richards et al., 1986; Richards,
1990) and humans (Evans and Stamm, 1991a) generally supports the idea that
the early-maturation stage is the most critical developmental period for dental
fluorosis, but fluoride at sufficiently high concentrations might affect enamel at
all stages of its formation (Den Besten and Crenshaw, 1987; Suckling et al.,
1988). In humans, the clinical signs of severe dental fluorosis (enamel pitting
and obvious brown stain) follow the breakdown of the better-mineralized
surface layers of enamel shortly after eruption, resulting in variable uptake of
mineral in the exposed hypomineralized subsurface lesions (Thylstrup, 1983;
Fejerskov et al., 1991).

Some physiological conditions that affect amelogenesis in humans can
lead to variations in the clinical appearance of dental fluorosis at similar levels
of fluoride intake (Angmar-Månsson and Whitford, 1990). Calcium deficiency
and generalized malnutrition are examples of such conditions seen in many
developing countries. Any condition that decreases urinary pH, such as
disorders in acid-base balance, can reduce the renal clearance of fluoride and
increase the likelihood of dental fluorosis (Whitford and Reynolds, 1979;
Ekstrand et al., 1982). Retention of fluoride in body tissues is increased by high
altitudes (Manji et al., 1986a), although residing at high altitudes, in the absence
of fluoride, has been found to disrupt amelogenesis and produce a condition that
can be clinically confused with dental fluorosis (Angmar-Månsson and
Whitford, 1990).

Dental fluorosis is a dose-response condition: the greater the intake
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during developmental periods, the more severe the fluorosis will be (Dean,
1942; Eklund et al., 1987; Larsen et al., 1987; Gedalia and Shapira, 1989;
Fejerskov et al., 1990). Evidence from animal studies shows that several
patterns of fluoride exposure can disturb amelogenesis. Early research indicated
that the development of fluorosis in the continuously growing rat incisor was
associated with occasional "spikes" in plasma fluoride concentrations, produced
by daily injections, that raised the plasma fluoride concentration above a
presumed threshold value (Angmar-Månsson et al., 1976; Myers, 1978). Later
research confirmed that finding (Angmar-Månsson and Whitford, 1982) but
also showed that relatively constant, slightly elevated concentrations of plasma
fluoride produced by constant infusion in rats (approximately 3 micromoles
(μmol)/L) also resulted in enamel fluorosis. A subsequent study, which also
employed constant infusion of fluoride in rats, extended the dosing period from
1 to 8 weeks. With longer exposure, enamel fluorosis was associated with
plasma fluoride concentrations of only 1.5 μmol/L (Angmar-Månsson and
Whitford, 1984). Those results were later confirmed by Nelson et al. (1989),
who found that more fluorosis-type lesions were produced in sheep after long-
term administration of low doses of fluoride than after short-term administration
of high doses. Angmar-Månsson and Whitford (1985) also reported that a single
high dose of fluoride (0.75 milligram (mg) or more of fluoride per kilogram
(kg) of body weight) caused enamel fluorosis in rats, even though the plasma
fluoride concentrations returned to pre-dose levels within 24 hours.

It was hypothesized from those results that the pulse loading (single high
dose) and subsequent gradual release of fluoride from bone in the vicinity of the
developing enamel result in local fluoride concentrations sufficiently high to
disturb amelogenesis. That hypothesis was supported by nuclear microprobe
analyses, which showed that the enamel and dentin fluoride concentrations were
elevated, in a dose-response manner, even 70 days after the single fluoride
doses, by which time the rats' incisor teeth would have renewed themselves
nearly 2 times (Angmar-Månsson et al., 1990).

Dental fluorosis in humans generally is more severe in teeth that
mineralize later in life than in those that mineralize earlier (Larsen et al., 1985,
1987, 1988; Bælum et al., 1987). That finding is usually attributed to greater
ingestion of fluoride by older children compared with
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younger (although, as a function of body weight, there is often little
difference in fluoride consumption between older and younger children).
Fluorosis is primarily a condition of permanent teeth; the degree of fluorosis
reported in primary teeth is generally much less than that found in permanent
teeth (Gedalia and Shapira, 1989). Although extensive fluorosis of primary
teeth has been reported in areas of the world with high amounts of fluoride
ingestion (Thylstrup, 1978; Olsson, 1979; McInnes et al., 1982; Nair and Manji,
1982; Larsen et al., 1985; Mann et al., 1990), it has not been identified as a
problem in the United States.

The lower degree of fluorosis in primary teeth was once believed to be due
to the placenta acting as a barrier to the passage of fluoride from maternal to
fetal blood, but more recent evidence shows that the placenta acts as only a
limited barrier to its passage (Gedalia and Shapira, 1989). However, fetal blood
concentrations usually are lower than maternal levels. Most fluoride in a tooth's
outer enamel layer is deposited during the enamel maturation period before
eruption, a developmental phase that lasts only 1-2 years in primary teeth but
takes 4-5 years in permanent teeth. The shorter maturation period for primary
teeth, added to lower fetal blood fluoride concentrations during their prenatal
development, is probably the main reason why fluorosis in primary teeth is
unusual outside areas of high-fluoride ingestion.

DIAGNOSTIC ISSUES IN DENTAL FLUOROSIS

Clinical diagnosis of fluorotic lesions has been plagued from the earliest
studies by the fact that not all mottling of dental enamel is caused by fluoride.
During McKay's initial studies in the early years of this century he referred to
this condition as "Colorado brown stain," a comment both on the geographic
location of his investigations and on the severity of the condition he found. In
his first national publication on the condition (Black and McKay, 1916),
however, it was called "mottled enamel." The term mottled enamel has since
evolved to cover a range of dental developmental defects, fluorotic and
otherwise; whereas the term fluorosis more correctly applies only to dental
defects of fluorotic origin. The use of these terms, however, is unfortunately far
from uniform.
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The diagnostic problems that can arise when measuring the prevalence of
dental fluorosis have been well described in the literature (Fejerskov et al.,
1988; Cutress and Suckling, 1990). Malnutrition, metabolic disorders, and the
presence of other dietary trace elements can lead to diffuse, symmetrical
markings on the enamel that closely mimic the appearance of fluorosis. Most
cases of dental fluorosis are probably identified correctly by experienced
examiners, but high and low population prevalences and individual cases have
been reported that are incompatible with the fluoride histories. In such
instances, the likelihood of misclassification seems strong. When a fluoride
history is taken concurrently with clinical diagnosis, some argue that the
information from the history biases the diagnostic process.

Those issues deserve to be addressed seriously. It must be remembered,
however, that the risk of misclassification has long been recognized as an
inherent problem in epidemiological study of any condition. Standard
procedures have been developed to minimize the chances of misclassification in
data collection (Lilienfeld and Lilienfeld, 1980) and to reduce its biasing effect
in statistical analysis (Kleinbaum et al., 1982). During data collection,
misclassification can be minimized by crosschecking with patient records to
certify that diagnoses have been classified correctly (Lilienfeld and Lilienfeld,
1980). For dental fluorosis classification, taking a fluoride history seems to be
an appropriate part of a difficult diagnosis. Of course, some diagnostic errors
will still be made, but probably no more than are made in clinical examinations
for caries, loss of periodontal attachment, soft-tissue lesions, or a host of
medical conditions.

The alternative approach is to avoid fluorosis misclassification in the data
collection by recording less well-defined entities, such as ''enamel opacities" or
"developmental defects." Whether or not that approach reduces
misclassification, it can yield data that are of limited use in answering research
questions. For example, it is not easy to interpret the finding that "some type of
defective enamel" was found in 50.1% of a group of schoolchildren, and "white
diffuse or patchy" opacities were found in 10.2% of them (Dummer et al.,
1990). The latter description best fits that of dental fluorosis, but the authors of
that report do not use the word fluorosis at all. In another study, "at least one
tooth with defective enamel" was found in 63% of children seen, and 4.4% of
them showed "diffuse patchy opacities" (Suckling and Pearce, 1984). The latter
description is closest to that of dental fluorosis of all the descrip
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tions given in that report, but again the reader is left to make that
interpretation. Others compare the proportion of "blemishes" found in people in
fluoridated and nonfluoridated areas (Dooland and Wylie, 1989) and the trends
in prevalence of "mottling" since the introduction of fluoride toothpastes
(Weeks, 1990).

Even though the problem of misclassifying dental fluorosis is recognized
during clinical assessments, determination of risk factors for fluorosis seems
more likely to be successful when attempts are made to measure the condition
directly. Russell's guidelines for distinguishing between enamel opacities of
fluoride and nonfluoride origin, now more than 30 years old (Russell, 1961), are
still a valid diagnostic guide. Taking a fluoride history, when practical, is also a
standard and appropriate epidemiological procedure that should not bias the
data collected.

INDEXES FOR DENTAL FLUOROSIS

This section provides a brief description and critique of the most common
indexes used to grade dental fluorosis. The detailed clinical criteria and scoring
systems for the three most frequently used indexes (Dean's, Thylstrup and
Fejerskov's, and the Tooth Surface Index of Fluorosis) are given in Appendix 1.

The first index to grade dental fluorosis was developed by Dean in 1934;
he called it the Fluorosis Index, but it is usually referred to as Dean's index.
Dean had been assigned by the U.S. Public Health Service to investigate what
was then the newly identified condition of dental fluorosis and to determine if it
was a public-health problem requiring action. His first index (Dean, 1934) was
fairly arbitrary and consisted of a seven-point ordinal scale from normal to
severe. After some years of use, Dean modified the index to form the six-point
ordinal scale that is still used today (Dean, 1942). The scores from Dean's index
are based on the two worst-affected teeth in the mouth and are derived from the
whole tooth rather than the worst-affected surface. (Later research by Thylstrup
and Fejerskov (1978) states that all surfaces of an affected tooth should be
affected equally.) In the examination, teeth are not dried. Dean's index has stood
the test of time, but even though it is adequate for broad definition of
prevalence and trends, it is not sufficiently sensitive at both ends of the scale for
analytical research.

Dean's index inevitably was modified to meet different conditions in
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different parts of the world. The Thylstrup-Fejerskov (TF) index is an extensive
modification of Dean's with a strong biological basis (Thylstrup and Fejerskov,
1978). The 10-point ordinal TF index is more sensitive than Dean's at the high
end of the severity scale, and it appears to be more sensitive at the mild end of
the scale because its application calls for teeth to be dried, which makes the
mildest fluorosis more likely to be detected (Granath et al., 1985; Cleaton-Jones
and Hargreaves, 1990). Indeed, the lowest scores in the TF index reflect such
mild fluorosis that some have questioned whether those categories should be
included in the index as fluorosis categories (O'Mullane and Clarkson, 1990).
The TF index has been shown to be a valid indication of fluoride content of
fluorotic enamel, although teeth scored in the first three categories of the index
had fluoride concentrations that were similar to those in normal enamel
(Richards et al., 1989). The TF index might be too sensitive in those categories,
which differ only slightly in their clinical appearance, for purposes other than
analytical epidemiology (Clarkson, 1989).

The Tooth Surface Index of Fluorosis (TSIF) was developed by
researchers at the National Institute of Dental Research in the early 1980s
(Horowitz et al., 1984). It is intended to be more sensitive than Dean's index by
ascribing a score to each unrestored surface of each tooth (rather than a single
tooth score to the two worst-affected teeth in the mouth), by eliminating Dean's
category of "questionable," and by providing greater range at the high end of
the severity scale. The tooth is not dried during TSIF examination. Whether it
achieves greater sensitivity with these means has not been confirmed, although
it probably provides a more valid picture of whole-mouth severity than does
Dean's index. Its use of staining as a criterion has been criticized (Fejerskov et
al., 1990), because staining is a post-eruptive phenomenon that is a function of a
person's dietary habits as well as degree of enamel porosity.

The Fluorosis Risk Index (FRI) was developed to relate age-specific
fluoride exposure to development of dental fluorosis (Pendrys, 1990). It divides
the surfaces of permanent teeth into two developmentally related groups of
surface zones, which begin formation either during the first year of life or
during the third to sixth years. It was developed specifically for use in case-
control studies and thus has clear rules for categorizing subjects as cases,
controls, or neither, depending on the distribution of fluorosis found on
designated zones of tooth surfaces. The ability of FRI in a case-control study to
relate fluorosis to enamel developmental
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periods permitted identification of risk factors that other indexes could not do
(Pendrys and Katz, 1989). Its use is best restricted to analytical epidemiology.

The Developmental Defects of Enamel Index (DDE) was developed by a
working group of the Fédération Dentaire Internationale, and, as its name
implies, it was intended to be more than a dental fluorosis index (FDI, 1982).
One of the reasons given for developing the DDE was that "Classifications
based on etiological considerations are premature because only a few defects
can be assigned an etiology" (FDI, 1982). The diagnostic problems described in
the previous section affect the DDE because it assigns codes for all types of
enamel opacities and thus has made it difficult for researchers to classify
fluorosis as distinct from other enamel defects. Data analysis in the DDE is also
complicated (Clarkson, 1989). A modified version, intended to make
identification of fluorosis simpler, has been used in a national survey of Ireland
(Clarkson and O'Mullane, 1989). In this survey, diffuse opacities were found to
be the discriminating factor between fluoridated and nonfluoridated areas.

All the indexes have strengths and deficiencies, and choice of index should
be determined by the purposes of the study. They are not the only systems for
classifying dental fluorosis that have been proposed (Al-Alousi et al., 1975;
Butler et al., 1985a), but they are the ones most in use at present. The major
problem that arises from use of multiple indexes is that direct comparison of
prevalence and severity is difficult when classifications of cases of fluorosis
vary according to the index used. The review carried out by the U.S. Public
Health Service (PHS, 1991) even considered reports in the literature according
to the index used, a conservative approach but one that is hard to criticize
purely on scientific grounds. In this review, we attempt to pool results but focus
comparisons on prevalence and broad categories of "mild to very mild" and
"moderate to severe."

DENTAL FLUOROSIS AND FLUORIDE INTAKE

Dean's initial research established 1.0 mg/L as the approximate
concentration of fluoride in drinking water that best prevented caries while
keeping unsightly dental fluorosis to a minimum (Dean, 1942), but in
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reaching that conclusion, Dean did not include the likelihood that more
water is consumed by people in warm climates than in cool climates. After
Dean's work, the "optimal" concentration of fluoride in drinking water for the
United States was established by the U.S. Public Health Service to be between
0.7 and 1.2 mg/L, depending on mean temperature of the locality (PHS, 1962).
Regions of the country with warm climates (e.g., Arizona and Texas) use 0.7
mg/L as their optimal concentration, and cool regions (e.g., Minnesota and New
England) use 1.0-1.2 mg/L. The recommended water fluoride concentrations for
ranges of mean temperature in the United States are shown in Table 2-1. The
range of 0.7-1.2 mg/L was established after a series of elegant studies in the
1950s that related fluoride concentrations in drinking water to fluorosis
prevalence and severity in different climatic regions in the United States
(Galagan, 1953; Galagan and Lamson, 1953; Galagan and Vermillion, 1957;
Galagan et al., 1957). The results of those studies were confirmed by further
research a decade later (Richards et al., 1967). As was the case with all fluoride
research at that time, drinking water was virtually the only source of measurable
fluoride. (Foods usually contained only trace amounts of fluoride.)

Although fluoride is no longer considered an essential factor for human
growth and development (see NRC, 1989), many believe that there is an
optimal dose of systemic fluoride for maximal benefit against caries. (This is
not the same subject as the "optimal concentration" of fluoride

TABLE 2-1 Water Fluoride Concentrations Recommended for Various Climatic
Conditions
Annual Average Maximum Daily Air
Temperatures, °F (°C)

Recommended Control Limits, mg/L

Lower Optimum Upper
50.0-53.7 (10.0-12.0) 0.9 1.2 1.7
53.8-58.3 (12.1-14.6) 0.8 1.1 1.5
58.4-63.8 (14.7-17.7) 0.8 1.0 1.3
63.9-70.6 (17.8-21.4) 0.7 0.9 1.2
70.7-79.2 (21.5-26.2) 0.7 0.8 1.0
79.3-90.5 (26.3-32.5) 0.6 0.7 0.8

Source: PHS, 1962.
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in drinking water and should not be confused with it.) But because the
controversy regarding pre-eruptive and post-eruptive fluoride action still exists,
this issue deserves some scrutiny.

The concept of an optimal dose goes back to the early days of fluoride
research in dentistry. In 1943, the normal daily fluoride intake of children 1-12
years old was estimated to be 0.4-1.7 mg, which provided an average intake of
fluoride at 0.05 mg/kg of body weight per day (McClure, 1943). Actual fluoride
intake for an individual depended on age, diet, and fluoride content of water.
That estimate somehow evolved into a recommendation (Farkas and Farkas,
1974) and then to apparent acceptance of 0.05-0.07 mg/kg per day as an optimal
dose (Ophaug et al., 1980a).

Despite its dubious genesis, that dose might be a fair estimate, based on
empirical evidence, of the upper limit for fluoride intake in children to
minimize fluorosis (Burt, 1992). If all fluoride intake comes from drinking
water, that dose for a child weighing 10 kg (an average 1-year-old) would be
ingested in 0.5-0.7 L of water fluoridated at 1.0 mg/L. For a child weighing 22
kg (an average 6-year-old), it would be ingested in 1.1-1.5 L of water. Because
the scientific base is weak, however, the range of 0.05-0.07 mg/kg should not
be referred to as an optimal dose, and it should not be considered more than a
guide to the upper limit of intake for minimizing fluorosis.

The intake of fluoride that leads to clinically detectable dental fluorosis,
relative to body weight at different stages of growth, still requires considerable
clarification. Forsman (1977) stated that a daily intake of 0.1 mg/kg was
sufficient to cause dental fluorosis, an estimate that was later revised downward
to 0.04 mg/kg (Bælum et al., 1987). Studies in Kenya, where naturally
occurring high-fluoride drinking water is common in the Rift Valley, led to an
even lower estimate of 0.03 mg/kg (Bælum et al., 1987). Other sources of
fluoride were not accounted for in those observations, and none of the estimates
specified the period of childhood in which the intakes were most critical. The
estimates of 0.03-0.04 mg/kg were for those in the lowest categories of the TF
index, in which, as noted earlier, the fluoride content of fluorotic lesions is
similar to that of normal enamel. Further research is necessary to clarify the
relation between fluoride intake in childhood and development of dental
fluorosis. Recent estimates of daily intake of fluoride from food and drink by
North American children up to 2 years of age are 0.01-0.16 mg/kg in areas
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without fluoridation and 0.03-0.13 mg/kg in areas with fluoridation (Burt, 1992).

PREVALENCE OF DENTAL FLUOROSIS

Because dental fluorosis is a dose-response condition (Myers, 1983),
severity ranges from barely discernible, even to a trained observer, to the most
severe manifestations of stained and pitted enamel. Figure 2-1 demonstrates this
range, beginning with unaffected enamel in Figure 2-1A and ending with severe
dental fluorosis in Figure 2-1F. The discussion on the prevalence of dental
fluorosis, which follows, refers to these grades of severity.

Severe dental fluorosis (Figure 2-1E and 2-1F) is endemic in parts of the
world where extremely high concentrations of fluoride occur naturally in
drinking water. In subtropical zones of India, for example, fluoride
concentrations as high as 15-16 mg/L have been recorded (Jolly et al., 1968;
Chandra et al., 1980; Subbareddy and Tewari, 1985). In addition to severe
dental fluorosis, skeletal fluorosis is not uncommon in such areas (Jolly et al.,
1968). East Africa and parts of the Middle East also have excessively high
concentrations of fluoride in drinking water. In Kenya, fluoride concentrations
of over 40 mg/L have been recorded in drinking water; in one study, over 20%
of 1,290 boreholes in the Great Rift contained fluoride at more than 5 mg/L
(Manji and Kapila, 1986a). As would be expected, severe dental fluorosis is
endemic in many parts of those regions (Møller et al., 1970; Olsson, 1979;
Walvekar and Qureshi, 1982; Wenzel et al., 1982; Manji et al., 1986b; Manji
and Kapila, 1986b; Chibole, 1987; Haimanot et al., 1987; Mann et al., 1987).

FIGURE 2-1 (Appears on the next two pages) (A) No fluorosis detectable. (B) 
Very mild fluorosis, most noticeable at the tips of the upper and lower incisor
teeth; TSIF score 1-2. (C) Mild fluorosis. Diffuse white striations visible over
much of the upper incisor teeth; TSIF score 3. (D) Moderate fluorosis. Some
brown stain visible among the white striations on the upper central incisors;
TSIF score 4. (E) Severe fluorosis. Discrete pitting of the enamel of the upper
and lower front teeth; TSIF score 5. More severe confluent pitting can be seen
on the lower bicuspid tooth (the lower tooth at the end of the arch); TSIF score
7. (F) Severe fluorosis. Discrete pitting and stain visible; TSIF score 6.
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Dean's research during the 1930s and 1940s, conducted in areas with
varying amounts of naturally occurring fluoride in drinking water, aimed to
establish fluoride concentrations that represented the best balance between low
occurrence of caries and acceptable level of dental fluorosis. From his extensive
field research, Dean concluded that fluoride at 1.0 mg/L of drinking water was
the "minimal threshold of endemic dental fluorosis" and noted that, at 1.0 mg/L,
10-12% of permanent-resident children showed the mildest forms of fluorosis
(Figure 2-1B and 2-1 C), mostly in the bicuspids and molars (Dean et al., 1941).
Dean's research resulted in acceptance of fluoride at 1.0 mg/L in drinking water
as the most appropriate concentration for most of North America, until the
climate-related range of 0.7-1.2 mg/L was adopted by the U.S. Public Health
Service in 1962. The early supplemental fluoridation studies (fluoride at 1.0 mg/
L) in Grand Rapids, Michigan, and Newburgh, New York, conducted at a time
when drinking water was virtually the only important source of fluoride,
showed that dental fluorosis generally was as prevalent and severe as it was in
communities with naturally occurring fluoride at the same concentration (Ast et
al., 1956; Russell, 1962).

To establish a "standard" against which the present-day prevalence of
dental fluorosis can be assessed, Figure 2-2 shows the distribution of fluorosis
in 10 of the many communities studied by Dean in the 1930s and 1940s. The 10
were chosen to demonstrate effects from a range of water fluoride
concentrations, and all had more than 50 children of ages 9-14 years in the
groups studied. All data were collected by Dean and categorized with Dean's
index. Prevalence of fluorosis can be seen to be directly related to fluoride
concentration of drinking water up to approximately 4.0 mg/L, after which it
tended to level out. Moderate-to-severe dental fluorosis began to be seen at
about 1.9 mg/L, and its prevalence rose with increasing fluoride concentrations.
It is worth noting that even where drinking water contained fluoride at only 0.4
mg/L, there was some fluorosis recorded, and the relations, although direct,
were by no means linear (Dean, 1942).

The research of the 1930s set the stage for controlled addition of fluoride
to drinking water at about 1.0 mg/L and was followed by studies through the
1940s and 1950s devoted to evaluating the initial controlled fluoridation
projects. After the mid-1960s, however, research into dental fluorosis in the
United States dropped off sharply. It was revived only in the 1980s, after
Leverett cautioned that fluoride exposure from widespread use of an increasing
number of sources of fluoride should be
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monitored (Leverett, 1982). The new interest in monitoring the impact of
fluoride through the 1980s and 1990s yielded evidence that the prevalence of
dental fluorosis had increased since Dean's time in both fluoridated and
nonfluoridated areas.

FIGURE 2-2 Prevalence (percent) and severity of dental fluorosis in 10
communities in the United States in the 1930s and 1940s by fluoride
concentration (mg/L) in drinking water.
Source: Dean, 1942.

In the National Survey of Dental Caries in U.S. School Children in
1986-1987, overall prevalence of dental fluorosis was reported to be 22.3 % in
children ages 5-17 years (Brunelle, 1989). Nearly all the cases were mild to
very mild. Perhaps the most noteworthy aspect of this survey (to date reported
only in abstract form) was that prevalence was 18.5% in 17-year-olds and
25.8% in 9-year-olds, a cohort comparison that suggests that childrens' exposure
to fluoride increased during the 1970s. (The differing prevalence by age has
been suggested to be at least partly due to decreasing fluorosis severity in the
same tooth over time, a change attributed to post-eruptive mineralization and to
abrasion of affected incisal edges. The issue of whether the milder forms of
fluorosis do in fact diminish over time requires further research.) Although
dental fluorosis is still more prevalent in fluoridated than in nonfluoridated
communities, its prevalence has increased proportionately more in the
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nonfluoridated areas since Dean's work (Leverett, 1986; Bagramian et al., 1989;
Kumar et al., 1989; Williams and Zwemer, 1990).

Several detailed reviews of the literature (Szpunar and Burt, 1987; Pendrys
and Stamm, 1990) comparing fluorosis data over time, in addition to other
recent research, concluded that the prevalence of dental fluorosis reported in
optimally fluoridated areas (both natural and added) in recent years ranged from
8% to 51%, compared with 3% to 26% in nonfluoridated areas. Those ranges
consist of all degrees of severity, although 90% or more of fluorosis cases
recorded in the United States are in the mild-to-very-mild category. More
recently, a prevalence of 80.9% was reported in children 12-14 years old in
Augusta, Georgia, the highest prevalence yet reported in an optimally
fluoridated community in the United States (Williams and Zwemer, 1990).
Again, most of the fluorosis was mild to very mild, but moderate-to-severe
fluorosis was found in 14% of the children. Several factors might be
contributing to this high prevalence. For example, Augusta is described as
optimally fluoridated, but the water fluoride concentrations of 0.9-1.2 mg/L
seem excessively high for that climatic region, and over 80% of participants
were reported to have used fluoride supplements in childhood (clearly
inappropriate in a fluoridated area). Because only 33.4% of eligible children in
that study responded to the researchers' initial contact, there is also the
possibility of selection bias in the examined group. Pendrys and Stamm (1990)
estimated that in the 1930s, residence in an optimally fluoridated area carried
about an 18-fold increase in the risk of dental fluorosis, whereas the current
increase in risk is about 2-fold. That reduction is largely attributable to an
increase in fluorosis in nonfluoridated areas, where fluoride supplements,
beverages processed with fluoridated water, and inadvertent swallowing of
fluoride toothpaste represent sources of fluoride that were not present in the
1930s.

As can be inferred from the ranges of prevalence already given, the extent
of dental fluorosis in a community cannot be estimated from water fluoride
concentrations alone. To illustrate, Figure 2-3 shows the prevalence of dental
fluorosis in the early 1980s and its distribution, using Dean's index, of
categories between mild to very mild and moderate to severe in 16 communities
in Texas with varying water fluoride concentrations (reported only as a function
of optimal concentration, presumably 0.7 mg/L). The number of examiners in
the study was not reported. Although direct comparisons with Dean's data must
be made cautiously
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(and there are some curious inconsistencies in the Texas data), prevalence does
appear higher in the 1980s than in the 1930s. Prevalence can be seen to vary
from 8.7% when water contained 0.3 times the optimal concentration to 94.7%
when water contained 4.3 times the optimal concentration (Segreto et al., 1984).
The inconsistencies between dental fluorosis prevalence and water fluoride
concentrations, seen in Figure 2-3, are difficult to explain. Even though
examiner variability is likely to be a factor, the inconsistencies cannot be
attributed solely to those variations because the inconsistencies are seen in most
series of that kind (e.g., Dean's data in Figure 2-2) and in the ranges of
prevalence given in the previous paragraph. They are most likely a result of
different individual fluoride intakes, not all of which can be detected without a
significant increase in research effort, and variation in individual biological
responses to similar fluoride intakes.

FIGURE 2-3 Prevalence (percent) and severity of dental fluorosis in 16
communities in Texas in the 1980s by fluoride concentration in drinking water.
Source: Segreto et al., 1984.

Results of semi-longitudinal assessments of dental fluorosis in seven
communities in Illinois, conducted by researchers from the National Institute of
Dental Research (NIDR), showed the prevalence of fluorosis
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and its changing distribution in recent years (Heifetz et al., 1988). Those
communities were chosen for the varying concentrations of naturally occurring
fluoride in their drinking water. Figure 2-4 shows the prevalence and severity of
dental fluorosis in children who were 13-15 years old and who were permanent
residents in those communities in 1985. Two examiners used the TSIF index, in
which grades 1-3 generally correspond to the mildest forms of dental fluorosis
and grades 4-7 reflect moderate-to-severe forms. Repeat examinations
demonstrated reasonable agreement between the examiners, so their results
were pooled. Overall, dental fluorosis prevalence was noticeably higher at the
lower fluoride concentrations than Dean had recorded but differed little at 3-4
times the optimal concentration. Moderate-to-severe fluorosis might be even
less prevalent, according to these data, than Dean recorded about 50 years earlier.

FIGURE 2-4 Prevalence (percent) and severity of dental fluorosis in Illinois in
1985 by fluoride concentration in drinking water. Source: Heifetz et al., 1988.

In their first report, the NIDR researchers concluded that the prevalence of
dental fluorosis in children 8-16 years old had not increased significantly since
Dean's surveys in the 1930s (Driscoll et al., 1986). That
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conclusion was based on data collected in 1980. However, significant increases
in prevalence between 1980 and 1985 were reported in cohorts 13-15 years old
in the Illinois communities (Heifetz et al., 1988), although they could not be
discerned in cohorts 8-10 years old over the same period. Relating age to dental
fluorosis and tooth calcification, the authors concluded that fluoride intake
(from all sources) had increased from 1970 to 1977 but had not increased much
since then.

To focus on the extent of dental fluorosis at higher water fluoride
concentrations under modern conditions, Figure 2-5 displays data from three
studies in communities where water fluoride concentrations were twice the
optimal concentration or higher. Overall, prevalence is high, and most variation
seems to come from the proportion of dental fluorosis graded moderate to
severe or mild to very mild. It is difficult to specify how much of the variation
is due to differences among examiners, varying intakes of fluoride in water and
in other sources, differences in other aspects of diet or physiology, individual
biological variations, or some combination of those possibilities.

FIGURE 2-5 Prevalence (percent) and severity of dental fluorosis since 1980
for selected communities in the United States with above-recommended
fluoride concentrations in drinking water.
Sources: Segreto et al., 1984; Eklund et al., 1987; Heifetz et al., 1988.
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A 1991 report from PHS compiled the results of independent
investigations conducted during the 1980s on dental fluorosis in 24 cities and
compared them with a series of PHS surveys conducted during the late 1930s
and early 1940s in 21 cities (Table 2-2). That comparison showed that the
prevalence of dental fluorosis, most of it mild to very mild, had increased,
although the modern-day effects of fluoride from sources other than water were
not controlled for. The 1980s data showed that the mean prevalence of dental
fluorosis in four cities with optimally fluoridated water supplies was about 22%
(17% very mild, 4% mild, 0.8% moderate, and 0.1% severe). In another city
with a water fluoride concentration in the range of 1.8-2.2 mg/L, dental
fluorosis prevalence was 53% (23% very mild, 17% mild, 8% moderate, and
5% severe). In two other cities with water fluoride concentrations greater than
3.7 mg/L, prevalence was about 84% (25% very mild, 27% mild, 19%
moderate, and 14% severe). The data in the PHS report also showed that the
greatest relative increase in fluorosis prevalence since the early studies was in
communities with very low water fluoride concentrations, demonstrating the
influence of sources of fluoride other than water. Those sources make it
difficult to estimate fluoride exposure; they represent a confounding factor in
studies of the relation between fluoride exposure and dental fluorosis.

RISK FACTORS IN DENTAL FLUOROSIS

Dental fluorosis is a function of total fluoride intake during critical dental
developmental periods, and in modern conditions, fluoride is ingested from
numerous sources in addition to drinking water. Research efforts to measure the
quantities ingested from all such sources are often frustratingly imprecise,
because quantifying fluoride intake from current and past use of water, food,
and toothpaste, together with past intake from supplements or infant formula,
can be extremely difficult. No tissues of the body can be measured for lifetime
intake of fluoride. Measurements in plasma might be the best but can be
affected by changes in recent intake. As a relatively invasive procedure, it is
also not easy to use in field studies. Bone obviously cannot be biopsied from
volunteer study participants. Nail clippings reflect only fairly recent fluoride
intake and can be readily contaminated.

Despite these measurement problems, risk factors for dental fluorosis
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have been identified from epidemiological study, but it is still difficult to rank
their importance with any certainty. One such risk factor is obviously a high
fluoride concentration in drinking water (Szpunar and Burt, 1988); even minor
adjustments in water fluoride concentrations can lead to significant changes in
the prevalence of clinically detectable fluorosis (Evans and Stamm, 1991b).
Other risk factors are ingestion of
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fluoride (both intentional and inadvertent) from sources other than
drinking water. Indeed, most dental researchers (Horowitz, 1991; Rozier, 1991;
Szpunar and Burt, 1992) believe that the best approach to stabilizing the
prevalence and severity of dental fluorosis is to control fluoride ingestion from
foods, processed beverages, and dental products rather than reduce the
recommended concentrations of fluoride in drinking water.

A large number of studies have concluded that fluoride supplements are a
risk factor for dental fluorosis (Holm and Andersson, 1982; Suckling and
Pearce, 1984; Hellwig and Klimek, 1985; Bohaty et al., 1989; Dooland and
Wylie, 1989; Kumar et al., 1989; Larsen et al., 1989;
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Pendrys and Katz, 1989; Woolfolk et al., 1989; Wöltgens et al., 1989; Holt
et al., 1990; Ismail et al., 1990; Riordan and Banks, 1991; Lalumandier, 1992);
however, the relation shown was weak in some of the reports. Other studies
have failed to show such a relation (Butler et al., 1985b; Bagramian et al., 1989;
Stephen et al., 1991). Fluoride supplements are used widely (Brunelle and
Carlos, 1990) and often are prescribed inappropriately (Pendrys and Morse,
1990; Levy and Muchow, 1992). Some of the compliance data are imprecise,
however, because use is usually documented retrospectively. It is not clear
whether it is solely the misuse of supplements that results in dental fluorosis or
whether use at recommended dosages produces the condition (Workshop
Report, 1992). In either case, the appropriateness of the recommended
supplementation schedules should be considered.

The swallowing reflex is not fully developed in children of preschool age,
and their inadvertent swallowing of fluoride toothpaste has been identified as a
risk factor (Hellwig and Klimek, 1985; Osuji et al., 1988; Pendrys and Katz,
1989; Milsom and Mitropoulos, 1990; Lalumandier, 1992). However, the
fluorosis reported was often very mild and barely discernible. In addition to
toothpaste, prolonged use of infant formula in the fluoridated area of Toronto,
Ontario, was identified as a risk factor for dental fluorosis (Osuji et al., 1988).
High socioeconomic status also emerged as a strong risk factor in a well-
conducted case-control study (Pendrys and Katz, 1989), but that finding has not
been confirmed in other studies (Bagramian et al., 1989; Hamdan and Rock,
1991). Fluoride in foods and beverages processed with fluoridated water has
long been suspected as a risk factor but has not been clearly demonstrated.
Unexpectedly high fluoride concentrations in particular foods and beverages
(Clovis and Hargreaves, 1988; Burt, 1992; Pang et al., 1992), however, might
stimulate further research in this area.

Although the subject has received little attention, some data suggest that
dental fluorosis is more prevalent among African-Americans than among other
races or ethnic groups in the same community. Russell (1962), in the Grand
Rapids fluoridation study, noted that fluorosis was twice as prevalent among
African-American children than white children. In the Texas surveys in the
1980s, the odds ratio for African-American children having dental fluorosis,
compared with Hispanic and non-Hispanic white children, was 2.3 (Butler et
al., 1985b). Dental fluorosis also tended to be more severe among African-
American children than white children in the Georgia study (Williams and
Zwemer, 1990),
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although the difference was not statistically significant. In Kenya,
prevalence and number of severe cases were unexpectedly high when related to
fluoride concentrations in drinking water (Manji et al., 1986c), although
nutritional factors could have confounded these results. The reasons for these
findings are unknown and do not appear to have been explored further.

THE RELATION BETWEEN DENTAL FLUOROSIS AND
CARIES

Dean's studies of this relation in the 1930s showed a sharp reduction in
caries prevalence when communities were ranked from the lowest water
fluoride concentrations (virtually zero) to approximately 1.0 mg/L. His data also
indicated that caries prevalence leveled out when communities with water
fluoride concentrations above 1.0 mg/L were rank-ordered (Dean, 1942). On the
other hand, caries prevalence was observed to increase when fluoride
concentrations were such that severe dental fluorosis was common and the
enamel of affected individuals was friable and liable to fracture (Grobler et al.,
1986). Other data on the relation are inconsistent. Some studies have found that
data follow the J-shaped path shown in Figure 2-6: with increasing fluoride
concentrations, caries prevalence diminishes to a certain point and then
increases again. However, a different relation is seen in Figure 2-7, in which
caries experience among adults in Lordsburg, New Mexico, which had 5 times
the optimal fluoride concentration in drinking water, was below that found in
the neighboring community of Deming, which had an optimal concentration.
Differences were found in the amount of dental treatment received between the
two communities, however, a factor that could have influenced the results. An
earlier Texas study also reported that caries prevalence among children 12-15
years old continued to diminish even when community fluoride concentrations
were 6-8 times the optimal concentration (Englander and DePaola, 1979). These
contradictory findings are difficult to explain and merit further research.

CONCLUSIONS

The data show that the prevalence of dental fluorosis, nearly all of it
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mild to very mild (Figure 2-1B and 2-1C), rises with increasing fluoride
concentrations in drinking water. The data also show fairly consistently that a
small, though measurable, proportion of a population exhibits moderate-to-
severe dental fluorosis with 1.8-2.0 times the optimal concentration of fluoride
in drinking water, and this proportion generally increases with increasing
concentrations of fluoride. However, the data are not consistent enough to
permit a firm definition of the relation between moderate-to-severe dental
fluorosis and water fluoride concentrations. In addition, other uses of fluoride,
independent of water fluoride concentrations, clearly affect the prevalence of
dental fluorosis. Development of a firm public-policy recommendation is also
inhibited by lack of knowledge of the public's perception of less-than-severe
fluorosis (Figure 2-1B, 2-1C, and 2-1D).

FIGURE 2-6 Caries experience of children 13-15 years of age in Illinois in
1980 and 1985 relative to the fluoride concentration in community drinking
water. DMFS = decayed, missing, and filled surfaces. Source: Heifetz et al.,
1988.

Public policy on use of fluoride to promote oral health should be aimed at
keeping dental fluorosis prevalence as low as possible relative to the benefits of
caries control, a classic public-health trade-off. When
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drinking water is the only source of fluoride, the evidence supports the
conclusion that water fluoridation at currently recommended concentrations
results in prevalence of mild-to-very-mild dental fluorosis of about

FIGURE 2-7 Caries experience of adults 27-65 years of age in Deming
(fluoride at 0.7 mg/L) and Lordsburg (fluoride at 3.5 mg/L), New Mexico, in
1984. Source: Eklund et al., 1987.

10% and very little severe fluorosis. At twice the recommended
concentrations, the prevalence of moderate-to-severe dental fluorosis is small
but measurable. At higher concentrations in drinking water, the prevalence
increases, although limited evidence shows that the extent and distribution of
dental fluorosis at 4 times the optimal concentration is not much higher than
that at 2 times the optimum. At 5 times or more, however, the prevalence of
moderate-to-severe dental fluorosis is substantially higher.

Interpretation of current data is difficult because of exposure to fluoride
from sources other than drinking water. In the modern U.S. environment,
people are exposed to fluoride from food, beverages, toothpaste, and a variety
of prescribed or over-the-counter dental products. Many of these are intended
for topical use only, but some inadvertent ingestion, especially by young
children, is unavoidable. The most effective ap
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proach to stabilizing the prevalence and severity of dental fluorosis, without
jeopardizing the benefits to oral health, is likely to come from more judicious
control of fluoride in foods, processed beverages, and dental products, rather
than a reduction in the recommended concentrations of fluoride in drinking
water. But applying such a policy would be formidable; reduction of fluoride
concentrations in drinking water would be easier to administer, monitor, and
evaluate. If it proved to be scientifically justified, such a policy could be
considered.

Current regulations of EPA are that the maximum contaminant level
(MCL) for fluoride in drinking water is 4.0 mg/L, regardless of mean
temperature. That standard is considered low enough to prevent crippling
skeletal fluorosis, and dental fluorosis is accepted as a purely cosmetic defect
with no general health ramifications. However, the most severe forms of dental
fluorosis might be more than a cosmetic defect if enough fluorotic enamel is
fractured and lost to cause pain, adversely affect food choices, compromise
chewing efficiency, and require complex dental treatment. Severe dental
fluorosis has been seen in the United States at 3.5 mg/L (in a warm climate, 5
times the recommended fluoride concentration), but even in that community the
ramifications of fluorosis were insufficient to recommend a reduction in the
MCL. This conclusion points out the need to revise the PHS guidelines related
to temperature and for more information on the impact on general health that
results from damage to teeth as a consequence of the severest forms of
fluorosis. If recommended fluoride concentrations in drinking water should still
be expressed in a range related to mean temperature, the MCL might also be
expressed more logically as a temperature-related range rather than a single
figure.

Overall, the evidence of the current current relation of dental fluorosis to
fluoride in drinking water in the United States is still sparse, and the evidence
that does exist is too inconsistent to be used as a basis for recommending
changes in EPA regulations. When the results of further research become
available, EPA's regulations might need further review and modification.

RESEARCH RECOMMENDATIONS

Studies should be conducted on the sources of fluoride during the
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critical stages of tooth development in children and on the contribution of the
various sources to dental fluorosis etiology. Such information would permit
more precise regulation of fluoride products to control fluorosis while retaining
fluoride's substantial cariostatic benefits.

Studies should be conducted on the relation between water fluoride
concentrations and dental fluorosis in various climatic zones. Findings could
serve as a basis for any needed revision of the 1962 PHS guidelines.

The lowest concentration of fluoride in toothpaste that produces acceptable
cariostasis should be determined. That information would permit the marketing
of children's toothpastes that would retain anticaries benefits while minimizing
the risk of fluorosis.

Further studies should be conducted on the contribution of ingested
fluoride and fluoride applied topically to teeth to prevent caries. The results
would permit more efficient use of fluoride for caries prevention, thus reducing
the risk of fluorosis.
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3

Fluoride Exposure and Risk of Bone
Fracture

BONE FRACTURE IN HUMANS

Information from two types of studies on bone fracture and case reports of
skeletal fluorosis address a possible link between fluoride and bone fracture.
One group of studies involved clinical trials designed to test the efficacy of
fluoride supplements in strengthening bone and preventing further fractures in
those with osteoporosis. Physicians have used fluoride for those purposes for
almost 30 years, but until recently, there were no data from systematic, well-
controlled clinical trials that addressed the question. Typically, exposure to
sodium fluoride in these studies ranged from 50 to 80 mg per day, more than an
order of magnitude above the typical exposure to fluoride from fluoridated
drinking water. A second group of studies analyzed bone-fracture rates among
persons exposed to fluoridated and to nonfluoridated drinking water. With two
exceptions, these studies used population data and an ecological design.
(Studies of geographic or temporal association, in which population rather than
individual data are used, are called ecological studies.) The limitations of this
type of study are well known and are described later. Some of the information
reviewed here was presented at a workshop on fluoride, hip fractures, and bone
health held at the National Institutes of Health (Gordon and Corbin, 1992).
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Clinical Trials of Fluoride

Four recent clinical trials with random, controlled designs provide
information on exposure to relatively high concentrations of fluoride among
high-risk groups for fractures related to osteoporosis. The daily intake of the
human subjects in these trials ranged from 50 to 80 mg of sodium fluoride
(about 40% fluoride, or 20-32 mg) per day. These fluoride intakes are
approximately 10-15 times those of people in the highest decile of drinking-
water consumption who live in areas where water is fluoridated at 1 mg/L.

Dambacher et al. (1986) conducted a clinical trial of 15 osteoporotic
patients treated with sodium fluoride at 80 mg per day and 14 placebo-treated
controls. In the first year, the fracture rate of treated patients was significantly
higher than that of the untreated group, but no differences were observed in the
second and third years of the trial. After 3 years, the cancellous bone density of
treated patients was 8% higher than untreated patients, but total bone density
was not increased. Forty-seven percent of the treated group experienced
osteoarticular pain and swelling in the lower extremities, attributed to stress
fractures, whereas no untreated osteoporotic patients experienced these
symptoms. Gastric distress was not observed. Based on results of previous
studies by the authors, neither calcium nor vitamin D was added during the trial.

Mamelle et al. (1988) conducted a randomized trial of osteoporotic
patients in France with at least one nontraumatic vertebral crush fracture.
Treatment with 50 mg of sodium fluoride per day, supplemented with 1 g
calcium and 800 international units of vitamin D, was administered to 257
patients, and 209 patients received other standard treatment regimens that did
not include sodium fluoride. The number of vertebral crush fractures in the first
year was similar in the two groups, and the mean number was significantly
lower in the sodium-fluoride-treated patients in the second year. Ankle and foot
pain was elevated in the treated group and digestive disorders occurred with
equal frequency in the sodium fluoride and other treatment groups.

Two double-blind, placebo-controlled trials were supported by the
National Institute of Arthritis and Musculoskeletal and Skin Diseases and
conducted at the Mayo Clinic (Riggs et al., 1990) and the Henry Ford Hospital
(Kleerekoper et al., 1989). Sodium fluoride was administered
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at 75 mg per day in both trials, and patients received 500 mg of calcium daily in
addition to sodium fluoride or placebos. Riggs et al. (1990) reported data from a
4-year trial of 202 randomized patients with osteoporosis and vertebral
fractures. Sixty-six women in the fluoride group and 69 women in the placebo
control group completed the trial. Among those receiving fluoride, bone-
mineral density, as measured by dual-photon absorptiometry, increased by 35%
(p < 0.0001) in the lumbar spine (mostly trabecular bone) and 12% in the
femoral neck (p < 0.0001) but decreased by 4% (p < 0.02) in the radius
(predominantly cortical bone). The number of new vertebral fractures was
slightly lower in the sodium-fluoride treatment group, but the number of
nonvertebral fractures was significantly higher in the treatment group (p < 0.01)
than in the control group. The relative risk for nonvertebral fractures, either
incomplete or complete fractures, was 3.2 (95% confidence interval (CI) =
1.8-5.6); 61 patients treated with sodium fluoride had 72 nonvertebral fractures,
and 24 controls had 24 fractures, either complete or incomplete. There were six
hip fractures in the sodium-fluoride treatment group (three incomplete and three
complete), and one (complete) hip fracture in the control group. Fifty-four
women treated with sodium fluoride and 24 controls experienced side effects,
mostly gastrointestinal symptoms and lower-extremity pain, warranting dose
reduction.

In the Henry Ford Hospital study, Kleerekoper et al (1989) found no
significant difference in vertebral fractures between the sodium fluoride and the
control groups. As in the Mayo Clinic study, gastrointestinal side effects and
episodes of lower-extremity pain were much more common in the sodium-
fluoride group than in the control group. On bone biopsy, 17% of those treated
with sodium fluoride had mineralization defects, whereas none was present in
the controls.

Population Studies

The risk of bone fracture in the elderly has been studied in populations
exposed to naturally occurring or added fluoride in drinking water and
compared with groups exposed to low concentrations of fluoride in drinking
water. Of the 10 studies considered by the subcommittee, two
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of the investigations used information from individuals and eight relied on
population-based statistics collected for other purposes.

Studies Using Information from Individuals

Cauley et al. (1991) recently reported on data from participants of an
ongoing study of osteoporotic fractures in women in the Pittsburgh area.
Residential histories and drinking-water sources were gathered from 1950 to
1990 for 1,878 white women ranging in age from 65 to 93 years (mean = 70.9
years). About 10% of the women had exposures to fluoride in drinking water of
1 mg/L for more than 20 years, and 58% had negligible exposures. Public water
constituted 73% of exposure years, and the mean duration of exposure was 6.0
± 9.24 years (range 0-38 years). No association was found between years of
fluoride exposure and bone mineral density with or without adjustment for body-
mass index and age. There was also no association with history of fracture. The
authors concluded that ''these data do not support a protective relation between
exposure to fluoridated water and bone mineral density in this population of
elderly women."

Women in three small communities in northwest Iowa, who had resided in
the same town for at least 5 years, were the subjects in a study by Sowers et al.
(1991). The communities were ethnically similar and all eligible women were
of Northern European background. One community had water with natural
fluoride at high concentrations (4 mg/L), a second had unusually high calcium
concentrations, and the third, used as a comparison community, had fluoridated
water (1 mg/L) and normal calcium concentrations. Here, we restrict our
attention to the comparison between the two communities with high and normal
fluoride concentrations. There were 417 subjects in the high-fluoride-
concentration community and 194 in the comparison area; they were first
enrolled in 19831984 and contacted for followup 5 years later; overall
participation rates were 74% and 63%, respectively, at followup.

Significantly lower radial bone mass was observed in both younger and
older women in the high-fluoride-concentration community. Bone density of the
proximal femur was clinically similar in women in the two communities.
Postmenopausal, but not premenopausal, women in the high

FLUORIDE EXPOSURE AND RISK OF BONE FRACTURE 54
Ab

ou
t 

th
is

 P
D

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 t
he

 o
rig

in
al

 w
or

k 
ha

s 
be

en
 r

ec
om

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 f
ro

m
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 f

ro
m

 t
he

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Ingested Fluoride 
http://www.nap.edu/catalog/2204.html 36993 testimony submited by Mel Rader



fluoride community reported significantly more fractures. Relative risk
estimates of fracture were adjusted for body-mass index, age, and thiazide use.
The 5-year relative risk for any fracture among menopausal women was 2.1 (CI
= 1.02-4.4) and for wrist, spine, or hip fractures, 2.2 (CI = 1.1-4.7). The 5-year
fracture rate among premenopausal women was also elevated in the high-
fluoride community, but chance could not be excluded (relative risk = 1.8, CI =
0.45-8.2). This study from Iowa is discussed here because extensive
information on water consumption, use of replacement estrogens, and other
factors was gathered from individual participants. However, little of the data
from individuals has been reported, and the analyses were essentially ecological
in character.

Studies Using Population Characteristics

Eight studies have examined the geographic correlation between hip
fracture rates and consumption of fluoridated water or changes in hip fracture
rates in the same geographic area before and after fluoridation was begun. The
ability of ecological studies to detect excess risk is limited in several respects:
(1) lack of individual information on specific exposures, including fluid
ingestion patterns and exposure to fluoride from sources other than drinking
water, of affected and unaffected members of the population; (2) inability to
measure fluoride exposures of study subjects who migrated into study areas
before diagnosis of disease or death; and (3) limited or nonexistent possibility
of adjusting for differences in risk (confounding) factors, such as smoking,
occupational exposures, exogenous estrogens, and dietary patterns, that might
influence differences in disease rates in fluoridated and nonfluoridated areas.
Confounding can give rise to spurious results, such as positive associations that
are not truly present, or alternatively, positive associations that are masked. To
the extent that migration is a factor, it is likely to diminish the sensitivity of a
geographic correlation study to detect excess risk. An additional problem can
arise in correlational studies that use mortality statistics, as occurs in many of
the studies of fluoride and cancer, because geographic variation in mortality
might reflect differences in access to, or quality of, medical care, and not
differences in
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underlying disease incidence. In this regard, it is helpful to distinguish
between ecological studies that make geographically based comparisons and
those with a time-trend design. The latter are less subject to confounding from
many factors, because they use rates from the same geographic area.
Consequently, time-trend studies are considered to have the stronger design. In
some cases, ecological studies that show positive associations might be more
likely to be published or more rapidly published than those that show no
associations. When such publication bias exists, literature is likely to be biased
toward showing positive effects. The phenomenon of publication bias is less
likely to occur with results from case-control or retrospective-cohort studies,
because the large effort involved in conducting these studies is usually attended
by an early commitment to publish, regardless of outcome. Given the
limitations of ecological studies, most epidemiologists consider them valuable
in indicating the likelihood of positive links or in demonstrating the feasibility
of hypotheses. When results from a number of such studies (conducted in
different times and places) converge to indicate either an exposure-disease
relation or no such relation, confidence in the collective findings is bolstered.
When many studies fail to observe exposure-disease relations, the possibility of
small risks or protective effects, undetected at a population level, cannot be
excluded.

In a report presented at a workshop on drinking-water-fluoride influence
on hip fracture and bone health held at the National Institutes of Health (see
Gordon and Corbin, 1992), Keller (1991) compared hip fracture rates in 216
U.S. counties with natural fluoride concentrations greater than 0.7 mg/L and
with rates in 95 counties with naturally low fluoride concentrations (less than
0.4 mg/L) in drinking water. The counties with high concentrations were placed
in four groups (0.7-1.2, 1.3-2.0, 2.1-3.9, and 4.0 mg/L and above). Hip fracture
ratios were calculated as the reported fracture rate in these county groups
divided by the rate in counties with low fluoride concentrations. At optimal
fluoride concentrations (0.7-1.2 mg/L), no significant increase in hip fracture
ratio was found (risk ratio = 1.016). However, Keller found significant increases
in hip fracture ratio at higher concentrations of fluoride in drinking water. The
adjusted risk ratio was 1.224 for counties in the highest exposure group. In
addition to the usual limitations of ecological studies, this investigation was
limited by lack of control for other demographic factors in the computations.

In another study presented at the workshop, May and Wilson (1991)
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used data from 438 U.S. counties with populations greater than 100,000,
representing 70% of the U.S. population. The percentage of the population that
received natural or added fluoride in drinking water (approximately 1 mg/L)
was estimated for each county. As the percentage of persons exposed to fluoride
in water increased, the hip fracture rate generally increased. The regression
coefficients (R) were calculated as change in hip fractures per 1,000 persons at
risk for each 1% of the population receiving fluoridated water at a concentration
of approximately 1 mg/L. The value was significant for white men (R = 0.0037,
CI = 0.002-0.005) but not significant for white women (R = 0.0016, CI =
0.001-0.005). In an additional analysis using data from 51 counties (more than
80% of the population was exposed to fluoride), including data on duration of
exposure to fluoridated water, the hip fracture rate was higher in counties with
up to 10 years of exposure, about 20% lower in counties with 11-18 years of
exposure, and intermediate in counties with more than 18 years of exposure. As
in the Keller study, this study was limited by the lack in regression models of
county demographic factors other than fluoridation status.

Jacobsen et al. (1990) examined hip fracture risk among white women in
more than 3,000 counties throughout the United States. Weighted least-squares
regression methods were used to examine the association of age-adjusted
county hip fracture incidence rates in each county with the percentage of the
county population exposed to natural or added fluoride in drinking water. The
data were weighted by the number of white women over the age of 65 years.
After adjustment for other study variables (i.e., poverty rate, percentage of land
in farms, water hardness, sunlight, and latitude), the regression coefficient was
statistically significant (R = 0.003, p = 0.0009). It should be noted that
weighting of regression equations directly by population size might place too
much emphasis on counties with large populations. It is often more appropriate
to weight least-squares regression equations by the square root of the
population, proportional to the standard error of the estimate.

In another geographic comparison study, Jacobsen et al. (1992) examined
hip fracture rates in 129 fluoridated and 194 nonfluoridated counties that had
been the subject of a National Cancer Institute study of cancer mortality and
fluoridation. More than half of the eligible counties were urban and had natural
fluoride concentrations of less than 0.3 mg/L. The proportion of the population
receiving fluoridated water in fluoridated counties increased from less than 10%
to more than 67% within a
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3-year period. Nonfluoridated counties had less than 10% of the population
receiving fluoridated water. A small but significant positive association was
found between fluoridated water and hip fracture among white men (relative
risk = 1.17, CI = 1.1-1.2) and white women (relative risk = 1.1, CI = 1.06-1.10)
over 65 years of age. The counties most recently (0-5 years) fluoridated had the
highest rates of hip fracture; rates were lower in counties with longer
fluoridation exposure.

Jacobsen et al. (1993) also examined hip fracture rates in Rochester,
Minnesota, for the 10-year period before and the 10-year period after the
drinking-water supply was fluoridated in 1960. The overall annual incidence
among persons 50 years of age and older was 483 (CI = 370597) per 100,000 in
1950-1959, and 450 (CI = 362-537) per 100,000 in 1960-1969. Using Poisson
regression models to control for calendar time and age, they found that the
relative risk associated with fluoridation was 0.60 (CI = 0.46-0.86) for women
and 0.78 (CI = 0.37-1.66) for men.

In another time-trend study, Goggin et al. (1965) compared femoral
fracture rates in Elmira, New York (1960 population 46,517) during the 5 years
before and the 5 years after fluoridation of the city's water supply in 1959.
Femoral fracture rates for Elmira women 60 years of age or older did not differ
significantly before or after fluoridation occurred.

In a geographic comparison study from Utah, Danielson et al. (1992)
compared the incidence of femoral neck fractures in patients over 65 years of
age living in a fluoridated community with the incidence in two nonfluoridated
areas. The outcome measure was the rate of hospital discharge for hip fracture.
Among women, the age-adjusted risk ratio was 1.27 (CI = 1.08-1.46) and
among men, 1.41 (CI = 1.00-1.81). These ratios were based on hip fractures in
65 women and 19 men in fluoridated communities and in 130 women and 32
men in nonfluoridated communities. The criteria for choosing the two
nonfluoridated control areas were not presented, nor were hip fracture rates
given separately for the two areas. That there might have been important
differences between the exposed and nonexposed populations other than
fluoridated drinking water is suggested by relative differences in their 1980 and
1987 populations. In the fluoridated community, the over-65 population
decreased by 8% from 1980 to 1987, and in the two nonfluoridated areas, the
over-65 population increased by 64% and 30%, respectively.

A geographic correlational study by Cooper et al. (1990, 1991) considered
hip fracture hospital discharge rates in 39 urban areas of England,
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9 of which had fluoridated water supplies and 30 of which did not. Initial
analyses, which did not include adjustment for the precision of fracture rate
estimates, did not find an association with fluoride concentrations in drinking
water (R = 0.016, p < 0.34) (Cooper et al., 1990). However, in subsequent
analyses, which used a weighted least-squares regression technique (weighting
each district's rate estimate by the size of the population 45 years of age and
older), a significant association between hip fracture discharge rate and fluoride
concentration was found (R = 0.41, p < 0.001). As with Jacobsen et al. (1990),
the use of this type of weighting in regression models might have placed too
much emphasis on areas with large populations.

Skeletal Fluorosis

Finally, the subject of human skeletal fluorosis will be discussed briefly.
Smith and Hodge (1979) have described the preclinical and clinical stages of
skeletal fluorosis. The asymptomatic preclinical stage is characterized by slight
increases in bone mass that are detectable radiographically and bone-ash
fluoride concentrations between 3,500 and 5,500 ppm. The typical fluoride
concentrations in bone ash from persons who have chronically consumed
optimally fluoridated water are less than 1,500 ppm. In stage 1 of skeletal
fluorosis, there might be occasional stiffness or pain in the joints and some
osteosclerosis of the pelvis and vertebral column. Bone-ash fluoride
concentrations in stage 1 usually range from 6,000 to 7,000 ppm. When bone-
ash fluoride concentrations are 7,500-8,000 ppm or more, stages 2 and 3 of
skeletal fluorosis are likely to occur. The clinical signs of these stages are
chronic joint pain, dose-related calcification of ligaments, osteosclerosis,
possibly osteoporosis of long bones, and in severe cases, muscle wasting and
neurological defects.

Crippling skeletal fluorosis might occur in people who have ingested 10-20
mg of fluoride per day for 10-20 years. During the last 30 years, only five cases
have been reported in the United States. The history of fluoride intake for two
of the cases was determined with reasonable accuracy (Sauerbrunn et al., 1965;
Goldman et al., 1971). The individuals consumed up to 6 L of water per day
containing fluoride at 2.4-3.5 mg/L in one case and 4.0-7.8 mg/L in the other.
The daily fluoride
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intake was estimated at 15-20 mg for 20 years. In general, this intake would be
associated with a drinking-water supply containing fluoride at about 10 mg/L.

Thus, crippling skeletal fluorosis in the United States has been rare and not
a public-health problem (Leone et al., 1954; Stevenson and Watson, 1957),
even though for many generations there have been communities with drinking-
water fluoride concentrations in excess of those that have resulted in the
condition in other countries (Singh and Jolly, 1970). The puzzling geographic
distribution of the disorder usually is ascribed to unidentified dietary factors
that render the skeleton more or less susceptible.

The small number of cases of skeletal fluorosis in the United States has
ruled out the possibility of systematic epidemiological evaluation. Based on
limited data in the literature on skeletal fluorosis, the subcommittee concludes
that skeletal fluorosis is not a public health issue in the United States.

Discussion

Of the six epidemiological studies that used geographic comparisons
(where no actual intake data were available), four found a weak association
between fluoride in drinking water and a small increase in the risk of hip (or
other bone) fracture. In two of the four studies that observed associations, the
weighting scheme for regression models might have been inappropriate. The
risk increase in the positive studies was small. Of two additional studies that
examined time trends in fracture rates before and after water fluoridation, one
showed no association (Goggin et al., 1965) and the other found a negative
association (Jacobsen et al., 1993). The time-trends ecological method is
considered the stronger approach because there is less opportunity for
confounding than in geographic comparison studies. Given the multiple
limitations of ecological analyses, the possibility for publication bias in favor of
positive findings and the potential in all the studies for confounding from
factors common to all, these studies offer only limited support for a hypothesis
of a weak association between fluoridated water and hip fracture, which
requires confirmation in studies of individuals. Of the two studies with
information on individuals, the analytical approach in one was essentially
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ecological (risk of hip fracture increased with fluoride at 4 mg/L of drinking
water), and the other showed no difference in fracture risk in women who drank
fluoridated or nonfluoridated water. In view of the conflicting results and
limitations of the current data base on fluoride in drinking water and risk of hip
or other fractures, there is no basis at this time to recommend that EPA lower
the current maximum contaminant level (MCL) of fluoride of 4 mg/L.

The subcommittee recommends that additional studies of hip and other
fractures be conducted in geographic areas with high and low concentrations of
fluoride in drinking water, and that studies should use information from
individuals rather than population groups. In these studies, it is important that
individual information be collected about fluoride intake from drinking water
and from all other sources, reproductive history, past and current hormonal
status, intake of dietary and supplemental calcium and other cations, bone
density, and other factors that might influence risk of fracture.

BONE FRACTURE IN ANIMALS

Studies with laboratory animals designed to determine the effects of
fluoride on bone strength or fracture resistance have been done with several
species, a variety of doses and periods of exposure, different stimuli to
influence bone growth or resorption, and different measurement techniques.
The associated bone fluoride concentrations have been documented in only
some of the reports. The results of these studies on bone strength have yielded
all possible outcomes (i.e., no effect, increased strength, decreased strength, and
biphasic response). The most frequent finding, however, has been the absence
of an effect. A representative sample of these reports will be discussed. The
main features and findings of the studies are shown in Table 3-1.

Outcomes of studies showing a decrease in bone strength associated with
high fluoride intake include those by Gedalia et al. (1964), Faccini (1969), and
Wolinsky et al. (1972). Beary (1969) and Riggins et al. (1974) reported fluoride-
associated decreases in bone strength in animals fed a calcium-deficient diet but
not in animals fed a diet adequate in calcium.

In the study by Gedalia et al. (1964), weanling female "Sabra"-strain
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rats were used. The rats were assigned to four groups: (1) untreated, (2)
injected with estradiol twice weekly and given fluoridated water (50 mg/L), (3)
injected with estradiol twice weekly and given nonfluoridated water, and (4)
given fluoridated water without estradiol injections. The animals were killed
after 4 weeks. The fluoride concentrations of femur ash in the untreated and
estradiol groups were similar at about 300 ppm, and those of the fluoride-
treated groups were 640 ppm. Compared with the untreated group, the average
breaking strength (the force required to cause fracture), measured by bending,
of the femurs was 22% higher in the estradiol-only group and about 25% lower
in the fluoride-only and estradiol-fluoride groups.

In his review article of the effects of fluoride in bone, Faccini (1969)
commented that a significant reduction in breaking strength of femurs occurred
in rabbits that had received fluoride at 200 mg/L of drinking water for 8 weeks.
No other details were provided.

Wolinsky et al. (1972) provided weanling male rats with food (fluoride at
5 mg/kg per day) and water containing no fluoride or fluoride at 200 mg/L per
day for 2 weeks. The femur-ash fluoride concentrations were 133 ppm and
7,398 ppm, respectively. Femur strength was measured by bending and was
found to be 38% lower in the fluoride-supplemented group.

Beary (1969) studied 25-day-old Sprague-Dawley rats that were given
diets containing adequate (0.6%) or deficient (0.1 %) amounts of calcium and
drinking water that contained fluoride at 0, 3.4, 10, or 45 mg/L. After 15-16
weeks, femur strength was measured with the 3-point bending test. In the
groups receiving adequate calcium, bone strength was slightly but not
significantly lower in the fluoride-treated groups than in the untreated group,
and a dose-response relation was not seen. Femur-shaft fluoride concentrations
(calculated for ash content) ranged from 170 ppm in the control group to 5,000
ppm in the 45-mg/L group. In the calcium-deficient groups, fluoride-treated
bone strength was reduced in a dose-dependent manner. Their bone fluoride
concentrations were about twice as high as those in the groups receiving
adequate calcium.

Riggins et al. (1974) used an experimental design similar to that of Beary's
(1969), except that (1) the diet adequate in calcium contained 1.1 % calcium,
(2) drinking-water fluoride concentrations were 0, 50, and 100 mg/L, (3)
fluoride exposure was 3 months, and (4) femur strength was measured by using
fresh bones rapidly loaded in torsion, which was

FLUORIDE EXPOSURE AND RISK OF BONE FRACTURE 65
Ab

ou
t 

th
is

 P
D

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 t
he

 o
rig

in
al

 w
or

k 
ha

s 
be

en
 r

ec
om

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 f
ro

m
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 f

ro
m

 t
he

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Ingested Fluoride 
http://www.nap.edu/catalog/2204.html 36993 testimony submited by Mel Rader



said to be ''more analogous to the situation in which most long-bone fractures
occur." Among the groups fed the 0.1%-calcium diet, bone strength was not
affected in those receiving fluoride at 50 mg/L, but it was reduced by 28% in
those at 100 mg/L. Tibia-ash fluoride concentrations in the 50- and 100-mg/L
groups were 2,982 ppm and 7,393 ppm, respectively. In the groups fed the 1.1
%-calcium diet, bone strength was not affected significantly by administration
of fluoride. Tibia-ash fluoride concentrations in the control, 50-mg/L, and 100-
mg/L groups were about 100, 1,580, and 5,200 ppm, respectively. Thus, as
noted by Beary (1969), bone fluoride concentrations were significantly higher
and breaking strengths were significantly lower in the calcium-deficient groups.

Turner et al. (1992) measured femur strength with the 3-point bending test
and reported a biphasic response to the concentration of fluoride intake. Nine
groups of weanling rats received a low-fluoride diet (less than 2 mg/kg per day)
and water containing fluoride at 0-128 mg/L for 16 weeks. For reasons that are
not clear, the range of bone fluoride concentrations (vertebral ash) in all nine
groups was unusually high. As a result, average values were difficult to
determine accurately. Nevertheless, average values were less than 1,000 ppm
for the groups receiving fluoride at 0-8 mg/L (bone fluoride at about 100 ppm),
and there was no difference in bone strength among them. The 16-mg/L group
had an average bone fluoride concentration of about 1,500 ppm and an increase
in strength that was significantly higher than that in the 0-, 1-, 8-, 64-, and 128-
mg/L groups. The average femur fluoride concentrations of the 64- and 128-mg/
L groups were about 5,000 and 11,000 ppm, respectively. The bone strengths of
these groups were lower than those of all other groups, but the differences were
statistically significant only when compared with the 16-mg/L group. Because
the difference between bone strength in the 64- and 128-mg/L groups and the 1-
and 8-mg/L groups was not statistically significant, however, the authors'
interpretation of a "biphasic response" appears tenuous.

Rich and Feist (1970) provided pregnant rats with a low-fluoride diet
during the last 5 days before delivery and during the nursing period in an effort
to reduce the bone fluoride concentrations of the offspring. Sixty female
weanling pups were then assigned to five groups that received drinking water
containing fluoride at 0, 5, 15, 30, or 70 mg/L for 16 weeks. The breaking
strengths of femurs were determined with a 3-point bending test, and the
fluoride concentrations of the second lumbar verte
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brae were determined with the ion-specific electrode. The breaking
strength of the femurs in the 30-mg/L group was 26% higher (p < 0.01) than the
breaking strength of the control group. None of the other groups differed from
the control group in breaking strength, but as determined by linear regression
analysis, there was a positive relation (p < 0.01) between bone fluoride
concentration and breaking strength in the 0-, 5-, 15- and 30-mg/L groups. The
strength of the regression was not affected significantly by differences in body
weight, bone weight, bone length, bone diameter, or cortical thickness. The
bone fluoride concentrations ranged from 75 to 5,400 ppm in those groups.
Although the bone fluoride concentration (calculated in terms of ash) of the 70-
mg/L group was 10,580 ppm, the breaking strength was not significantly
different from that of the 0-mg/L group (14.2 vs. 13.1 kg, respectively).

Rosen et al. (1975) noted an increase in vertebral bone strength associated
with increased fluoride intake in rats with disuse osteoporosis. Their study
involved adult male Sabra-strain rats. The tails of one-half of the rats were
surgically immobilized to induce disuse osteoporosis. The four subgroups
received distilled drinking water, fluoride at 50 mg/L of drinking water,
distilled drinking water and supplemental calcium and vitamin D, and fluoride
at 50 mg/L of drinking water for 30 days followed by distilled drinking water
and supplemental calcium and vitamin D for 30 days. The study lasted 60 days.
The compressive strength of the tail vertebrae did not differ among the groups
whose tails were not immobilized. In the groups with disuse osteoporosis, bone
strength was increased by about 30% with fluoride administration and also by
15% with supplemental calcium and vitamin D administration. The average
bone-ash fluoride concentration of the groups that did not receive supplemental
fluoride was 440 ppm, and the concentrations of the 50-mg/L groups were
2,090 ppm (60 days on fluoridated water) and 1,324 ppm (30 days on
fluoridated water).

Studies showing no effect of fluoride administration on bone strength have
involved rats (Saville, 1967; Naylor and Wilson, 1967; Kuo and Wuthier, 1975;
Einhorn et al., 1992), dogs (Romanus, 1974), guinea pigs (Sharma et al., 1977),
and cows (Rahn et al., 1991). Kuo and Wuthier (1975) used weanling male
Sprague-Dawley rats in their study to determine the possible preventive effects
of fluoride in diet-induced osteoporosis. The rats were fed a nutritionally
adequate diet with or without fluoride at 50 mg/L of drinking water for 15
weeks, at which time 6-7

FLUORIDE EXPOSURE AND RISK OF BONE FRACTURE 67
Ab

ou
t 

th
is

 P
D

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 t
he

 o
rig

in
al

 w
or

k 
ha

s 
be

en
 r

ec
om

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 f
ro

m
 t

he
 o

rig
in

al
 p

ap
er

 b
oo

k,
 n

ot
 f

ro
m

 t
he

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e 
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Ingested Fluoride 
http://www.nap.edu/catalog/2204.html 36993 testimony submited by Mel Rader



rats were killed to provide baseline data. One-half of the remaining rats in each
group continued to receive the nutritionally adequate diet and the others were
given a low-calcium (0.014%) and phosphorus (0.018%) diet. All rats were then
given distilled water without fluoride to drink until they were killed 4, 8, or 12
weeks later. The baseline (15-week) fluoride concentrations of femur ash were
4,000-5,000 ppm in the 50 mg/L group and 50-60 ppm in the control group.
There was no difference between the 0- and 50-mg/L groups in bone strength at
that time. The concentrations were said to "gradually increase" thereafter but at
a "significantly greater rate" in rats receiving the low-calcium, phosphorus diet.
This diet caused a progressive loss of bone mass and an important decrease in
mid-shaft femur strength. Fluoride administration, however, had no effect on
these changes.

Saville (1967) assigned 25-day-old Charles River CD-strain male rats to
four groups that received fluoride at 0, 2, 5, or 20 mg/L of drinking water. The
rats were killed at selected times up to 98 days. The compressive strength of the
femurs and humeri was determined and found to be a linear function of body
weight but did not differ among the groups. Naylor and Wilson (1967)
performed a similar study with weanling albino rats but with higher drinking-
water fluoride concentrations (0, 10, 25, 100, or 250 mg/L) for up to 52 weeks.
No differences were found among the groups in radiographic appearance,
breaking strength, deflexion pattern on bending, or ash content of femurs. These
two reports did not contain bone fluoride concentrations.

Romanus (1974) examined physical properties and chemical composition
of canine (Beagles) femoral cortical bone strips after nutritional osteopenia was
induced by feeding a low-calcium, high-phosphorus diet for 41 weeks. Fluoride
was added to the diet at 0, 1, 3, 9, or 27 mg/kg. The same analyses done on
bone samples obtained from dogs were continued in the study to test for
"reversibility." This involved feeding a diet enriched in calcium and phosphorus
for up to 28 additional weeks. The physical properties of bone were determined
with 3- and 4-point bending tests and application of tension. Dietary fluoride
supplementation had no effect on the composition of bone (except for a direct
correlation with bone fluoride concentrations). Similarly, bone strength was not
affected significantly by administration of fluoride. The author offered a
concluding comment: "A better source for studies of bone is bone from
individuals with skeletal disease, as nutritional and disuse osteopenia does
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not seem to change the physical properties of the bone material to any major
extent."

Sharma et al. (1977) assigned adult male Hartley guinea pigs to four
groups that were given distilled drinking water containing fluoride at 0, 2, 10, or
20 mg/L. The Purina diet was stated to contain fluoride at less than 17 mg/kg.
This diet was a "maintenance" diet, so that the bioavailability of fluoride would
have been approximately 50% (Whitford, 1991). Thus, there was no true low-
fluoride group. The animals were killed at 15, 27, or 42 weeks. The physical
properties of selected long bones were determined with tension, bending, and
torsion tests. The fluoride concentrations of rib, radius, and ulna were directly
related to time of fluoride exposure and to concentration of fluoride exposure.
After 42 weeks, the fluoride concentrations of the bones (dry) in the 20-mg/L
group were 2,565, 1,990 and 1,855 ppm, which would correspond to an average
concentration of 3,560 ppm in bone ash. There were no statistically significant
differences among the groups with respect to tension strength (fracture upon
pulling), torsion modulus (fracture upon twisting), or modulus of elasticity
(fracture upon bending).

Einhorn et al. (1992) provided weanling female rats with a maintenance
diet containing fluoride at 25 mg/kg and drinking water with fluoride at 0, 11,
23, or 34 mg/L for 86 days. As in several of the other studies, this study did not
have a low-fluoride group. The average femur-ash fluoride concentrations for
these groups were 2,017, 6,102, 9,097 and 11,688 ppm, respectively. The
torsional strength of the femurs did not differ among the groups. In agreement
with Riggins et al. (1974), it was stated that testing animal bones in torsion is
more akin to the stress pattern most often encountered by human patients.
Einhorn et al. also examined bone with histomorphometric techniques and
found no significant intergroup differences. They concluded that, in the absence
of effects on bone mass, remodeling, or formation rate, incorporation of even
very high concentrations of fluoride does not significantly alter the capacity of
bone to withstand mechanical loads.

Rahn et al. (1991) assigned 17 Holstein heifer calves 5-6 months old to
three groups fed a diet containing fluoride at 0, 30, or 50 mg/kg. The fluoride
concentration of the control diet was not stated but must have been fairly low
because of the bone fluoride concentrations. The experimental groups received
fluoride at 0.5-1.2 mg/kg per day or 0.8-1.8 mg/kg per day. After 6 years, the
metacarpal bones were analyzed for
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fluoride, density, and compressive strength. The bone-ash fluoride
concentrations were 595, 2,664, and 4,500 ppm in the 0-, 30-, and 50 mg/L
groups, respectively. The relation between bone density and fluoride
concentration appeared to be inverse, but the trend was not statistically
significant. Compressive strength did not differ among the groups.

Discussion

The results of the laboratory animal studies designed to determine the
effects of fluoride administration on bone strength have yielded all possible
outcomes. Although most of the reports indicate little or no effect even with
extremely high fluoride intake and bone concentrations, some have shown
positive, negative, or biphasic effects. The explanations for these discrepant
results are not apparent. Several potential or real problems in experimental
design, however, have been identified. Insofar as can be determined, only three
of the studies used a diet with a reasonably low fluoride concentration (Rich
and Feist, 1970; Rahn et al., 1991; Turner et al., 1992) and most used diets with
frankly high concentrations. Consequently, the control groups in the latter
studies often had high concentrations of bone fluoride, which could have
obscured positive or negative effects on bone strength in the treatment groups.
That is to say, when diets with high fluoride concentrations are used and bone
fluoride concentrations in the control groups are clearly high, no true low-
fluoride group exists that can be used to judge the effects of fluoride in the
treatment groups. In the three studies that used low-fluoride diets, the
investigators found that bone strength was not affected or was actually
increased in one or more of the treatment groups.

Another problem in some of the reports is the method used for determining
bone fluoride. For example, Beary (1969) said that the solution of bone mineral
to be analyzed was adjusted to a pH of "2.07 ± 0.03 since this is considered a
desirable range for reading fluoride ion activity" with the fluoride electrode.
The pH range actually recommended is 5-6. This range is well above the pK of
hydrogen fluoride (3.4), which is not "seen" by the electrode but is sufficiently
low so that hydroxyl ions do not interfere (the electrode recognizes both
fluoride and
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hydroxyl ions). At a pH of 2.07, only 5% of the fluoride in solution is detectable
by the electrode. Other investigators dissolved the bone samples in strong acid
while the vessels were open to the air. The boiling point of hydrofluoric acid is
19°C, so fluoride loss from the sample might have occurred. The
hexamethyldisiloxane-facilitated diffusion method of Taves (1968), as modified
by Whitford (1989), is a preparative technique that has been shown to be
reliable and accurate.

The subcommittee concludes that the weight of evidence currently
available indicates that bone strength in animals fed a nutritionally adequate
diet is not adversely affected unless chronic exposure to fluoride is at least 50
mg/kg in diet or 50 mg/L in water. These data indicate that the current EPA
guidelines of fluoride at 4 mg/L of drinking water for humans are appropriate.
Recent reports from epidemiological studies of human populations have
provided conflicting evidence on this subject, however, and indicate the need
for additional research.

One uncertainty in all the studies is the appropriateness of the methods
used to cause bone fractures. Most investigators have used a bending test,
although torsion, tension, or compression tests have also been used.
Compression tests would be appropriate for vertebrae but rarely for long bones.
Pure tension stress would almost never be involved in the fracture of any human
bone. Bending has a torsional component, but forces are applied to specific
points that might not reflect the overall strength of the bone. Torsion gives a
uniform strain field that might yield a more realistic estimate of the load
required to cause fracture. According to Riggins et al. (1974) and Einhorn et al.
(1992), torsion or twisting is most analogous to the stress experienced by
humans who have fractures of long bones.

To resolve the uncertainties that surround this important area of
investigation, the subcommittee recommends that a workshop be conducted to
evaluate the advantages and disadvantages of the various doses, treatments,
laboratory animal models, weight-bearing versus nonweight-bearing bones, and
testing methods for bone strength that can be used to determine the effects of
fluoride on bone.
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4

Reproductive Effects of Fluoride

REPRODUCTIVE EFFECTS IN HUMANS

There are no published reports in the literature on reproductive toxicity of
fluoride in men. However, two Russian studies showed that chronic
occupational exposure to fluoride-contaminated compounds might affect
reproductive function. Men who had worked in the cryolite industry for 10-25
years and who demonstrated clinical skeletal fluorosis showed decreases in
circulating testosterone and compensatory increases in follicle-stimulating
hormone when compared with controls (Tokar and Savchenko, 1977). Of the
exposed men, those exposed to cryolite for 16-25 years had increased
luteinizing-hormone levels as compared with men exposed for 10-15 years.
Women exposed occupationally to air heavily laden with superphosphates
demonstrated increases in menstrual irregularities and genital irritations when
compared with unexposed controls (Kuznetzova, 1969). However, occupational
exposure to many other compounds in the cryolite and superphosphate
industries makes it difficult to implicate any one substance, such as fluoride, in
inducing these health effects.

A recent study of women employed in silicon wafer manufacturing
(fabrication room workers) showed a relative risk of spontaneous abortions of
1.45 times that of women (of the same ages) who worked in nonfabrication
rooms (Schenker et al., 1992). The overall increase in
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risk ranged from about 20% to 40%. There was a dose-response relationship
and a consistency of findings for persons exposed to one specific class of
solvents. Spontaneous abortions were also associated with fluoride exposure but
only in one work group, and a strong dose-response was not present. The
authors characterized the fluoride-associated increase in relative risk of
spontaneous abortions as "less consistent" than the results of exposure to some
solvents in this study and "less consistent" with other research.

REPRODUCTIVE EFFECTS IN ANIMALS

A summary of the reproductive effects of fluoride in animals is presented
in Table 4-1. Several of the earliest studies of the effects in rodents noted an
adverse effect when the diet contained fluoride at more than 100 mg/kg. Phillips
et al. (1933) concluded that the upper limit of safety of chronic intake of
fluoride by the rat in terms of effects on estrus cycle, rate of reproduction, and
lactation was 20 mg/kg of body weight per day. In their study, fluoride was
added to the diet as sodium fluoride (190 mg/kg) or rock phosphate (sodium
fluoride at 210 and 350 mg/kg). The fluoride concentration of the stock diet,
which also contained bone meal, was not stated. Most "natural ingredient"
rodent diets containing bone meal that are available today, however, have
fluoride concentrations ranging from 10 to 50 mg/kg. The bioavailability of
fluoride from these diets is 45-50% (Whitford, 1991).

In their study of the effects of fluoride on the reproductive performance of
male rats, Araibi et al. (1989) added fluoride at 0, 100, or 200 mg/kg to the
"standard" rat diet. The fluoride concentration of the standard diet was not
reported. After 60 days, blood was collected from some of the rats for
determination of testosterone concentration, and the testes were prepared for
microscopic examination. The fertility of the remaining rats was tested by
mating them with normal females for 4 days. The number of pregnancies and
offspring was reduced significantly in the 200-mg/kg group but not in the 100-
mg/kg group. The litter sizes did not differ among any of the groups. The
authors commented that the treated rats showed "less interest toward females."
However, food and water intakes, body-weight changes, and activity levels
were not reported and were probably reduced in the 200-mg/kg group. If so,
those effects
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might have been involved in the apparent loss of interest. The diameters of the
seminiferous tubules were reduced slightly in both fluoride-treated groups. The
thickness of the peritubular membranes was increased, the percentage of tubules
with spermatozoa was reduced, and the serum testosterone level was lower in
the 200-mg/kg group. Those effects did not occur in the 100-mg/kg group.

Messer et al. (1973) fed mice a low-fluoride diet (0.1-0.3 mg/kg) and
drinking water containing fluoride at 0, 50, 100, or 200 mg/L for 33 weeks. The
two highest amounts resulted in retarded growth and impaired reproduction;
increased mortality occurred in the 200-mg/L group only. No litters were
produced by mice in the 200-mg/L group, and only nine litters were born to the
50 mice in the 100-mg/L group. Six of the nine litters were stillborn or eaten at
birth. Litter production in the 50-mg/L group was normal. The fluoride
concentrations in ashed humeri were about 100 ppm in the control group and
7,800 ppm in the 50-mg/L group. According to Messer et al., the group that
received no fluoride showed signs of "fluorine deficiency with a progressive
development of infertility in two successive generations." That finding was
based on the development of anemia and the fact that fewer litters were
produced in the control group than in the 50-mg/L group. The authors
concluded that their findings supported the necessity of fluoride in the diet of
mice.

Tao and Suttie (1976) repeated the study of Messer et al. (1973) as closely
as possible, except that the diet contained adequate levels of iron and copper
and fluoride was added to the diet at concentrations of 2 and 100 mg/kg. The
stock diet had a fluoride concentration of less than 0.5 mg/kg. Femur-ash
fluoride concentrations of the third-generation mice in the 0-, 2-, and 100-mg/
kg groups at 33 weeks were 90, 328, and 10,020 ppm, respectively. The
investigators noted no differences among the groups with respect to hematocrit
or reproduction. They concluded that the fluoride-deficiency findings of Messer
et al. (1973) were probably due to an iron or copper deficiency. The role of
fluoride was considered secondary in that it prevented fluoride deficiency from
developing, apparently by increasing the absorption of iron and copper, both of
which were present in marginal concentrations in Messer's mouse diet.

Studies of reproduction in cattle have generally shown no effect of fluoride
unless intake is sufficient to produce skeletal fluorosis and other adverse effects.
The reports by Phillips et al. (1934) and Mitchell and Edman (1952) indicated
that reproductive performance of cattle with
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signs of chronic fluorosis was unaffected except for delays in estrus after
parturition. Suttie et al. (1972) exposed Holstein heifers to different patterns of
dietary fluoride for 6 years. The fluoride doses ranged from that contained only
in the forage and grain to supplements of 3.0 mg/kg per day for 4 months,
alternating with 0.75 mg/kg per day for 8 months. On an annual basis, the doses
given to the fluoride-treated groups were 0.75 and 1.5 mg/kg per day. At the
end of the study, the fluoride concentration in vertebral ash was 552 ppm in the
control group, and the concentrations ranged from 7,660 to 15,200 ppm in the
treatment groups. Skeletal fluorosis was evident in all treatment groups. The
authors concluded that no differences existed among the groups in growth rate
or reproductive performance, although ''the conception rate for the entire
experiment was low." Milk production was "somewhat less" in animals
receiving 1.5 mg/kg per day each year, "but as small numbers of animals were
involved, the observations are inconclusive."

In their study, van Rensburg and de Vos (1966) noted the effects of
fluoride on reproductive performance of Afrikaner heifers receiving fluoride at
5-12 mg/L of drinking water. Five groups were given drinking water containing
fluoride at 5 or 8 mg/L or fluoride at 5, 8, or 12 mg/L and superphosphate
(chiefly tribasic calcium phosphate produced by treating phosphate rock with
sulfuric acid), which had been treated to reduce its fluoride content. The
fluoride concentrations in food, superphosphate, or drinking water after addition
of superphosphate were not stated. No group was given nonfluoridated water,
and fluoride concentrations in bone or other tissues were not determined.
Breeding was started 9 months after beginning exposure to fluoride and
observations on reproductive performance were made over four breeding
seasons. The heifers were bred naturally during the first two breeding seasons
and by artificial insemination during the last two seasons. Reproduction did not
differ among the groups during the first season. In the second season, anestrus
after parturition increased in the 8- and 12-mg/L groups. In the third season,
fertility clearly declined in those two groups but was more pronounced in the
superphosphate groups. In the fourth season, the effects were even greater as
judged by the calving rates and the services per conception in all groups,
especially in the 8- and 12-mg/L groups that were given superphosphate.
Contrary to what was expected, the addition of superphosphate to the water
aggravated the effects of fluoride, which suggested to the authors that the
removal of fluoride might have been
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incomplete and that actual fluoride intakes were more than had been intended.
Despite those uncertainties, it was concluded that "for normal reproduction the
fluorine content of the drinking water should be under 5 mg/L."

Eckerlin et al. (1986a) reported on a problem with milk production on a
dairy farm. From January 1977 through August 1978, the average annual milk
yield was 7,851 kg per cow per year. The fluoride concentration of the diet used
during that period was not reported. In September 1978, a new commercial
concentrate and mineral mix was introduced as a supplement to the diet. During
the next 6 years, problems developed in the general health, reproduction, and
milk production of the cows. The average fluoride concentration of three bags
of the concentrate saved from 1982 was 97 mg/kg. One sample of the mineral
mix from 1982 had a fluoride content of 1,415 mg/kg. Milk production during
1978-1984 averaged 5,434 kg per cow per year, a decline of 31 %. When the
investigators conducted their study at the farm in 1984, the last ossified
coccygeal vertebrae of 15 cows were surgically removed and analyzed for
fluoride. The fluoride concentrations in bone ash ranged from 300 ppm in a 2-
year-old cow to 2,100 ppm in a 6-year-old cow. Considering the adverse effects
that were recorded and the reportedly high concentrations of fluoride in the diet,
those values were very low. The low fluoride concentrations in bone do not
support the contention that the effects were due to fluoride toxicity. As noted
above, Suttie et al. (1972) found bone fluoride concentrations of over 15,000
ppm and essentially none of the toxic manifestations reported by Eckerlin et al.
(1986a).

Other studies of the effects of fluoride on reproduction in owls, hens,
kestrels, dogs, and mink have been reported. Hoffman et al. (1985) and Pattee et
al. (1988) provided a diet supplemented with fluoride at 0, 40, or 200 mg/kg to
breeding pairs of screech owls (60 and 33 pairs, respectively) for 5-6 months.
The control diet had a fluoride concentration of 27.2 mg/kg. In the Hoffman et
al. study, no differences were found in the number of eggs laid by all the
groups. Egg volume was 6% lower in two of the treatment groups. Five
hatchlings weighed slightly less in the 40-mg/kg group and 9% weighed slightly
less in the 200-mg/kg group than in the control group, but this difference
disappeared 7 days later. Pattee et al. (1988) reported that nesting chronology
was similar among all groups with respect to initiation of egg laying, initiation
of incubation,
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hatching date, intervals between any of those events, clutch size, percent
fertility, and percent of eggs hatched. The number of young produced per clutch
was lower in the 200-mg/kg group than in the control group (2.6 ± 0.4 vs. 4.2 ±
0.4). Congenital anomalies were not observed in either study, nor were the
concentrations of fluoride in bone. However, Pattee et al. (1988) reported the
fluoride concentrations in eggshell ash. The eggshell concentrations of the
control, 40-, and 200-mg/kg groups were 6.4 ppm, 53 ppm, and 87 ppm,
respectively. It was of interest that the differences in the 40- and 200-mg/kg
groups were not statistically significant. The authors concluded that slight-to-
moderate reproduction disorders in screech owls (slightly lower egg volume and
initial body weight) might occur in areas heavily polluted with fluoride.

Guenter (1979) fed chickens diets containing fluoride at 0-1,300 mg/kg.
The results suggested that dietary fluoride at 200 mg/kg per day for 112 days
improved egg production and feed efficiency, although shell thickness was
reduced slightly. Dietary fluoride had no effect on fertility or hatchability of
chicken eggs. In a second experiment, dietary fluoride at 100 mg/kg improved
feed efficiency, shell quality, and the number of collectible eggs. Egg size was
reduced only in the groups fed fluoride at 1,000 mg/kg and 1,300 mg/kg.
Calcified-tissue fluoride concentrations were not reported.

The effects on reproduction in 24 pairs of American kestrels fed cockerels
with a low or high fluoride content for 10 days were reported by Carriere et al.
(1987). The cockerels fed to the control group had a background femur fluoride
concentration of 62 ppm and those fed to the treatment groups had
concentrations of 4,513 ppm and 7,691 ppm. Femur fluoride concentrations of
the kestrels were proportional to fluoride intake. The clutch sizes tended to be
smaller as the concentration of fluoride intake increased, but the differences
were not statistically significant. Percent fertility and percent hatchability were
not related to fluoride intake.

Pastel mink were fed diets supplemented with fluoride at 0, 33, 60, 108,
194, or 350 mg/kg per day for 382 days (Aulerich et al., 1987). The fluoride
concentration of the nonsupplemented diet was 35 mg/kg. There were no
important differences among the groups in breeding, gestation, whelping, or
lactation. The survivability of kits whelped by minks fed fluoride at 350 mg/kg
was markedly decreased. The body weights of those whelped by minks in the
60- and 108-mg/kg groups
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were higher than those of the control group at 3 and 6 weeks. The femur
fluoride concentrations of the six groups were directly related to the fluoride
dose and ranged from 1,362 to 13,706 ppm.

Eckerlin et al. (1986b) reported a problem with milk production and
survival rates of kits at three fox farms. The farms had successfully produced
pelts for several years. In 1985, the foxes experienced severe early postpartum
agalactia, which resulted in high mortality of kits during the first few
postpartum days. Analysis of the commercial diets used on the three farms
revealed fluoride concentrations of 98-137 mg/kg. Control diets from another
supplier had fluoride concentrations of 23 and 31 mg/kg. Bone fluoride
concentrations increased with age from about 500-900 ppm in the kits to
2,000-3,000 ppm in the adults. The authors concluded that the agalactia was
caused by excessive fluoride intake. Reduced milk production associated with
high fluoride intake has also been reported for cows (Maylin and Krook, 1982),
although, as reported above, Suttie et al. (1972) reported only a marginal effect
in cows that were exposed to high fluoride doses.

In a followup study at the fox farm, Eckerlin et al. (1988) provided
additional evidence that the problems were related to high fluoride
concentrations in the diets. The fluoride concentrations of new diets used from
1985 to 1987 ranged from 8 to 23 mg/kg. Bone fluoride concentrations
declined, kit production increased, and kit survivability approached normal
expectations.

From 1970 to 1980, an increased incidence of perinatal deaths and
congenital deformities occurred in a kennel of Shetland sheepdogs
(Schellenberg et al., 1990). The problems started shortly after the kennel was
moved from an old frame building to a new concrete-block building. In 1979
and 1980, mottled teeth in the few surviving pups and cranial exostoses in the
adults were noted for the first time. These calcified-tissue effects were
attributed to the high fluoride content of the diet (460 mg/kg added in the form
of rock phosphate).

In 1982, a 2-year study of 20 shelties of proven fertility was started to
determine the reproductive effects of high-fluoride diet and kennel well water
(Schellenberg et al., 1990). The well water was of interest after it became clear
that some unknown factor in the kennel environment was responsible for the
adverse reproductive effects. There were four treatment groups (four females
and one male in each group) that were given a high- or low-fluoride diet (55 mg/
kg) and kennel well water or distilled
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water. Except for the group fed the low-fluoride diet and well water (which
produced the expected number of pups), the number of pups whelped in the
other groups paralleled the poor reproduction results that prompted the study.
The two high-fluoride groups produced only two litters and 15 pups, 10 (67%)
of which were dead within 7 days. The two low-fluoride groups produced six
litters and 33 pups, 14 (42%) of which were dead within the first 7 postpartum
days. The two well-water groups produced six litters and 39 pups, 18 (46%) of
which died within 7 days. The two distilled-water groups produced two litters
and 9 pups, 5 (56%) of which died within 7 days. It was determined that the
perinatal deaths were not due to agalactia. Overall, the missed pregnancy rate
was 44% and the perinatal death rate was 50%. No serious congenital defects
occurred in the high-fluoride groups and two occurred in the low-fluoride
groups. Several minor congenital defects occurred in all groups. The authors
concluded that, "Although 460 mg/kg F in the dog food did produce bony
exostoses, we did not find convincing evidence that it adversely affected
reproduction in shelties. The cause of the reproductive problems was apparently
not the dog food, water, foliage, genetic factors, or infectious disease and
currently remains undetermined."

The problem was further examined in a study using rats (Marks et al.,
1984). Four treatment groups (9 males and 18 females in each group) were
given the same diet of dog food containing fluoride at 460 or 55 mg/kg and the
same sources of drinking water as described above. The rats were brought into
the kennel at 39 days of age, given the specified diets for the next 60 days, and
then mated. The authors concluded that "even after two litters, the only adverse
effect was dental fluorosis in the high-fluoride groups. The results indicated that
rats cannot be used in the search for the cause(s) of reproductive problems in
dogs in this kennel."

DISCUSSION

Adverse effects on reproductive performance associated with high
concentrations of fluoride intake have been demonstrated in mice, rats, cattle,
owls, hens, kestrels, dogs, mink, and foxes (reduced lactation). The water or
food threshold fluoride concentration associated with these effects in mice, rats,
cattle, and foxes is approximately 100 mg/L (100 mg/kg). An exception to this
was reported by van Rensburg and de Vos
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(1966) who concluded that the water fluoride concentration should be less than
5 mg/L for normal reproduction in cattle. The authors noted, however, that the
fluoride concentration in the superphosphate added to three of the five diets was
not known, so the actual concentrations of fluoride in those diets might have
been higher than intended. The threshold concentration for mink, owls, and
kestrels is 100-200 mg/kg and for hens over 500 mg/kg in diet. These dietary
fluoride concentrations are much higher than those in the fluoridated drinking
water of humans. This fact is consistent with the lack of evidence suggesting a
link between consumption of fluoridated water and problems with human
reproduction.

It was noted in several of the studies outlined above that the fluoride
concentrations in the diets of the control groups were unknown or considerably
higher than is optimal. In these cases, the investigators might not have been able
to detect the effects, if any, of fluoride intake at the low end of the dosage scale.
It is recommended that future studies of reproductive effects of fluoride intake
include control diets with fluoride concentrations of less than 1.0 mg/kg. To
confirm the level of fluoride exposure, it is also recommended that bone
fluoride concentrations be measured using accurate and reliable preparative and
analytical methods, such as the hexamethyldisiloxane-facilitated diffusion
method of Taves (1968) as modified by Whitford (1989) and the fluoride ion-
specific electrode.
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5

Effects of Ingested Fluoride on Renal,
Gastrointestinal, and Immune Systems

EFFECTS ON THE RENAL SYSTEM

The kidney is the potential site of acute fluoride toxicity because kidney
cells are exposed to relatively high fluoride concentrations. Fluoride
concentrations in the kidney show an increasing gradient of concentration, the
lowest concentrations occurring in the renal cortex and the highest in the papilla
(Whitford, 1990). Fluoride, after oral administration, is rapidly absorbed into
the blood. Peak serum concentrations occur 30-90 minutes after administration
and then decline rapidly (Cowell and Taylor, 1981). Approximately 50% of the
daily intake of fluoride is cleared by the kidneys (Whitford, 1990).
Consequently, the kidney is thought to be a target organ for any adverse effects
of fluoride because of the bioconcentration and kinetics of fluoride metabolism
and excretion patterns.

A few experimental studies have examined the effects of fluoride exposure
on rodent kidneys. Daston et al. (1985) administered a single intraperitoneal
dose of fluoride at 30 or 40 mg/kg of body weight to 29 day-old rats. They
observed transitory (disappearing within 120 hours) renal effects, such as
polyuria, increased urinary pH, and proximal tubular cell necrosis. The renal
effects in rodents are probably age dependent because suckling rats have a
lower urinary pH than weanling rats do. The lower pH likely results in more
selective reabsorption of
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fluoride, which results in higher tissue concentrations. Studies of weanling rats
consuming water with high concentrations of sodium fluoride (NaF at 380 mg/L
for 6 weeks) have demonstrated necrosis of the proximal and distal renal
tubules (Lim et al., 1978). In a study of weanling rats administered drinking
water with NaF at 100 mg/L for 6 months, Taylor et al. (1961) reported
interstitial nephritis and dilation of the renal tubules at the corticomedullary
junction. No effects were observed at 50 mg/L. Structural changes in the
kidneys have also been reported by other investigators following chronic
fluoride exposure, although the eventual effects on renal function were not
examined (Hodge and Smith, 1977; Greenberg, 1986).

In humans, the potential for health effects of fluoride exposures on renal
function is enhanced because of selective absorption by the kidney and the
kinetics of fluoride distribution and excretion. The healthy kidney removes
fluoride from the blood much more efficiently than it removes the other
halogens. Furthermore, the tissue-to-plasma fluoride-concentration ratios for
soft tissues were highest in the kidneys (Whitford, 1989). Studies of persons
receiving the halogenated anesthesia, methoxyflurane, observed renal
insufficiency in some patients due to high serum fluoride concentrations
(Mazze, 1984). The effect was transient, and renal function returned to normal
once the serum fluoride concentrations decreased below 30 micromoles (μmol)/
L. Several epidemiological studies have examined the possible association
between fluoride exposures and renal effects. Hanhijarvi (1975), in a study of
plasma fluoride concentrations in 2,200 hospital patients in Finland (which
included 501 persons living in an area with naturally occurring fluoride
concentrations at less than 0.2 mg/L of drinking water and 1,083 persons living
in an area with fluoride added to drinking water at 1 mg/L), showed that
concentrations increased with age and were higher in individuals living in the
area with added fluoride in drinking water. Renal clearance of fluoride
increased with age in both groups but was approximately twice as high in
persons living in the area with added fluoride. Decreased renal clearance of
fluoride was observed in persons with renal insufficiency or with diabetes
mellitus. Other studies have shown decreased fluoride clearance in both adults
and children with impaired renal function (Kono et al., 1984; Spak et al., 1985).
Several large community-based epidemiological studies found no increased
renal disease associated with long-term exposure to drinking water with fluoride
concentrations
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up to 8 mg/L (Leone et al., 1954; Schlesinger et al., 1956; Geever et al., 1958).
In summary, although experimental studies have shown transient and

permanent renal effects at concentrations of fluoride over 50-100 mg/L, human
epidemiological studies have not observed increased renal disease in
populations with long-term exposure to fluoride concentrations up to 8 mg/L of
drinking water.

EFFECTS ON THE GASTROINTESTINAL SYSTEM

With the exception of monofluorophosphate, all fluoride-releasing
compounds form hydrogen fluoride when mixed with hydrochloric acid in the
stomach. In the acid environment of the stomach, fluoride and hydrogen ions
form the nonionized molecule hydrogen fluoride, which might be irritating to
the stomach mucosa if the concentration is sufficiently high. Hydrogen fluoride
has been shown to induce structural and functional adverse effects on the gastric
mucosa of rats and dogs at concentrations of 190 mg/L. These effects range
from loss of the mucous layer and scattered desquamation of mucous cells to
widespread erosions of the gastric mucosa (Whitford, 1990).

Experimental studies in rodents given extremely high doses of NaF (1,900
mg/L) demonstrated erosive and hemorrhagic injury to the gastric mucosa and
disruption of the structure and integrity of the gastric glands; healing progressed
over 7 days (Easmann et al., 1984, 1985; Pashley et al., 1984). In rats, chronic
exposure to NaF at 4, 10, or 25 mg/kg in the diet resulted in dose-dependent
chronic gastritis and glandular stomach acanthosis (Appendix D in PHS, 1991).
Gross lesions were observed in the mucosa of the glandular stomach of male
rats treated for 6 months with NaF at 300 mg/L (NTP, 1990). The lesions in
male and female rats included diffuse hyperplasia of the mucosal epithelium
accompanied by cellular necrosis.

Studies of workers occupationally exposed to varying concentrations of
fluoride have reported a variety of gastrointestinal effects. These include
chronic gastritis with or without accompanying skeletal fluorosis, duodenal
ulcers, and erosion of the gastric mucosa (Medvedeva, 1983; Desai et al., 1986).
Neither of the studies reported ambient fluoride
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measurements, so the actual exposure concentrations are unknown but are
presumed to be high.

In summary, high concentrations of fluoride, in the form of hydrogen
fluoride, which is due to mixing in the stomach with hydrochloric acid, can be
irritating to the gastric mucosa, resulting in dose-dependent adverse effects.
There are limited data on humans at low exposures, indicating that at optimal
concentrations of fluoride, gastrointestinal effects are not a problem.

HYPERSENSITIVITY AND IMMUNOLOGICAL EFFECTS

Few animal and human data on sodium fluoride-related hypersensitivity
reactions are found in the literature. In animal studies, excessively high doses,
inappropriate routes of administration of fluoride, or both were used (Lewis and
Wilson, 1985; Jain and Susheela, 1987). Thus, the predictive value of those
data, in relation to human exposures at accepted exposure levels, is
questionable. Reports of hypersensitivity reactions in humans resulting from
exposure to NaF are mostly anecdotal (Arnold et al., 1960; Richmond, 1985;
Modly and Burnett, 1987; Razak and Latifah, 1988). The most common
reactions observed included dermatitis, urticaria, inflammation of the oral
mucosa, and gastrointestinal disturbances. Hypersensitivity reactions to fluoride
dental preparations were mild to moderately severe and appeared to resolve
completely with discontinuation of the product (Adair, 1989). It was reported
that those reactions were caused by NaF or by alcohol, dyes, or flavoring agents
in the products.

Waldbott (1962) reported that ingestion of fluoride at 1 mg/L of water
produced numerous symptoms, which included gastrointestinal distress and
joint pains. Those symptoms were also reported in a few patients who received
a daily dose of 20 mg or more in treatment for bone conditions (Rich et al.,
1964; Shambaugh and Sundar, 1969). However, those symptoms are not
believed to be caused by chronic intake of fluoride at any concentration, let
alone at the low fluoride concentrations cited by Waldbott. The findings should
be disregarded for the following reasons: (1) insufficient clinical and laboratory
evidence of allergy or intolerance to fluorides used in the fluoridation of
community water, and
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(2) no evidence of immunologically mediated reactions in a review of the
reported allergic reactions (Austen et al., 1971).

Waldbott (1978) proposed that the skin lesion Chizzola maculae might be
caused by airborne fluorides. Waldbott and Cecilioni (1969) attributed the
development of these discrete skin lesions to fluoride exposure in 10 of 32
persons living near fertilizer plants in Ontario, Canada, and Iowa and close to
an iron foundry in Michigan. Evidence for Chizzola maculae resulting from
exposure to fluoride has been reviewed extensively by several investigators
(Hodge and Smith, 1977), who concluded that the evidence was circumstantial
and unsupported by field surveys.

The literature pertaining to immunological and immunomodulation effects
of fluoride is limited. Although direct exposure to high concentrations of NaF in
vitro affects a variety of enzymatic activities (Alm, 1983; Mircevova et al.,
1984; National Health and Medical Research Council, 1985; Takanaka and
O'Brien, 1985; O'Shea et al., 1987; Okada and Brown, 1988; Mizuguchi et al.,
1989), the relevance of the effects in vivo is unclear. Standardized
immunotoxicity tests of NaF at relevant concentrations and routes of
administration have not been conducted.

DISCUSSION

The kidney and gastrointestinal system are exposed to varying fluoride
concentrations owing to specific characteristics of fluoride kinetics and
excretion patterns. The kidney exhibits the highest tissue-to-plasma fluoride
concentrations measured for any soft tissue with a concentration gradient
existing across the different anatomic sections of the kidney. All the soluble
fluoride-releasing compounds except monophosphate form hydrogen fluoride
when mixed with hydrochloric acid in the stomach. Hydrogen fluoride is
irritating to the stomach mucosa. For the kidney, experimental studies have
demonstrated transient renal effects at relatively high fluoride concentrations
(50-100 mg/L). Human epidemiological studies have not observed increased
rates of renal disease in populations exposed to fluoride concentrations up to 8
mg/L of drinking water. Experimental studies of the effects of fluoride on the
gastrointestinal tract in several animal species have shown dose-dependent
adverse effects, such as chronic gastritis and lesions of the stomach mucosa, at
doses as low as 190 mg/L. The limited reports on adverse gastrointestinal effects
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in humans are primarily studies of persons occupationally exposed to unknown
concentrations of fluoride. One problem in those studies is that the workers are
exposed to a variety of potentially toxic agents, so the contribution of fluoride
exposure to risk of adverse effects on the gastrointestinal system is unknown.

Because of the lack of documented adverse effects on the renal and
gastrointestinal systems at fluoride concentrations below 8 mg/L of drinking
water, no research recommendations are made at this time. The literature
pertaining to immunological and immunomodulation effects of fluoride is
limited. The weight of evidence shows that fluoride is unlikely to produce
hypersensitivity and other immunological effects.

EFFECTS OF INGESTED FLUORIDE ON RENAL, GASTROINTESTINAL, AND
IMMUNE SYSTEMS
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6

Genotoxicity of Fluoride

Fluoride has been tested extensively for its genotoxicity. There are a
number of published reports on the genotoxicity of fluoride in microbes,
cultured mammalian cells, and animals. These data are summarized in Tables
6-1 through 6-6.

IN VITRO GENOTOXICITY TEST SYSTEMS

Microbes

NaF has been tested extensively for its ability to induce gene mutations in
Ames Salmonella typhimurium reverse mutation assay by standard plate and
preincubation tests and in other microbial systems, with and without metabolic
activation at concentrations ranging from 0.1 to 4,421 μg/plate (Table 6-1). The
results were negative (Litton Bionetics, 1975; Martin et al., 1979; Gocke et al.,
1981; Haworth et al., 1983; Arlauskas et al., 1985; Li et al., 1987a; Tong et al.,
1988). However, in a suspension assay (a modification of the standard Ames
plate test), Nikiforova (1982) reported positive findings in S. typhimurium 
strains TA1535 and TA98 at concentrations of 1,000-1,500 μg/plate. The
reported increases in histidine-revertants (mutations) in S. typhimurium strains
TA1535 and TA98 appear to be artifactual results of increased cell killing, which
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might have increased histidine and generated small background colonies.
NaF was not mutagenic to Saccharomyces cerevisiae strain D4 (Litton
Bionetics, 1975). Table 6-1 summarizes mutagenicity data of fluoride in
microbial organisms and mammalian cells in culture.

NaF was found to be negative in the Bacillus subtilis rec assay (Matsui,
1980), a test that measures DNA damage. However, Kanematsu (1985) reported
that both NaF and stannous fluoride (SnF2) were positive. The differing results
could be due to the differing protocols used by the two investigators.

NaF failed to induce gene conversion and aneuploidy in S. cerevisiae 
(Litton Bionetics, 1975; Martin et al., 1979); similar results were reported for
potassium fluoride (KF) when tested in Neurospora (Griffiths, 1981).

Mammalian Cells

Fluoride has been tested in in vitro mammalian cell cultures for its ability
to induce mutations, chromosomal aberrations, sister chromatid exchanges,
DNA damage and repair, and cell transformation.

Gene Mutations

Fluoride has been tested for its mutagenicity in several in vitro mammalian
cell systems with and without metabolic activation (Table 6-1). NaF and KF
were strongly mutagenic in the mouse lymphoma L5178Y TK+/- test with and
without S9 at concentrations ranging from 10 to 600 μg/mL (Cole et al., 1986;
Caspary et al., 1987); the authors speculated that the induced mutant colonies
resulted from chromosomal damage rather than point (gene) mutations. This
hypothesis was supported by the absence of induction of ouabain-resistant
mutants in the same cell type (Cole et al., 1986). Caspary et al. (1988) reported
that NaF was mutagenic at the tk locus in human lymphoblastoid cells treated
with NaF at 200-600 μg/mL for 4 hours. Recently, Crespi et al. (1990) reported
that NaF was mutagenic at the tk and hgprt loci in human lymphoblastoid cells
treated with NaF at concentrations of 200-600 μg/mL for 28 hours and at the tk 
locus in cells treated with 65 μg/mL for 20 days. Howev
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er, a statistically significant response was observed only at concentrations that
resulted in substantial cell death. In contrast, no mutagenicity was observed at
the hgprt locus in rat liver epithelial cells treated with NaF at concentrations of
2-40 μg/mL for 72 hours (Tong et al., 1988) or at the 6-tg locus in Chinese
hamster ovary V79 cells treated with NaF at 10-400 μg/mL for 24 hours
(Slamenová et al., 1992).

Chromosomal Aberrations and Sister Chromatid Exchanges

NaF has been shown to induce chromosomal damage in several in vitro
mammalian cell systems (Table 6-2). The reported chromosomal effects were
primarily chromatid deletions or achromatic lesions (gaps); the definition and
scoring of the latter events is not standardized, and their significance is
unknown, and, in fact, questionable. These effects were not always clearly
demonstrated and appeared to be protocol-dependent (Li et al., 1988; Aardema
et al., 1989).

Animal Cells

Chromosomal aberrations were increased by 3 hours of exposure to NaF at
concentrations of 25-100 μg/mL in Chinese hamster ovary cells (but not at
concentrations of 0.1-10 μg/mL) (Aardema et al., 1989), at 50-200 μg/mL in
Syrian hamster embryo cells (Tsutsui et al., 1984a), and at 12.6-126 μg/mL in
red muntjac cells (He et al., 1983). Aardema et al. (1989) concluded that the G2
stage of the cell cycle is a sensitive stage for NaF-induced chromosomal
damage in Chinese hamster ovary cells. Chromosomal abnormalities also were
reported in Chinese hamster ovary Don cells treated with NaF at 25-75 μg/mL
for 12-36 hours (Bale and Mathew, 1987). The National Toxicology Program
studies (NTP, 1990) in Chinese hamster ovary cells showed no induction of
aberrations in one laboratory where NaF was tested at concentrations up to 200
μg/mL without S9 and harvested after 20 1/2 hours, but a positive response was
reported in a second laboratory at concentrations of 400-600 μg/mL with a
shorter (13 hours) harvest time. No chromosomal aberrations were induced with
metabolic activation at concentrations up to 1,600 μg/mL at either harvest time
(NTP, 1990). No chromosomal aberrations were induced in Chinese hamster
lung cells by NaF at concentrations up to 500 μg/mL (Ishidate, 1988).
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Sister chromatid exchanges were not induced by NaF in Chinese hamster
ovary cells treated with 250 μg/mL for 24 hours (Li et al., 1987b) or with 160
μg/mL for 24 hours (Tong et al., 1988). However, sister chromatid exchanges
were induced in Syrian hamster embryo cells treated with 20-80 μg/mL without
S9 (Tsutsui et al., 1984a), and in red muntjac cells treated with 126 μg/mL (He
et al., 1983). In the NTP studies, the incidence of sister chromatid exchanges
was increased in Chinese hamster ovary cells treated with NaF at concentrations
up to 1,600 μg/mL with S9.

Human Cells

Several investigators have reported chromosomal aberrations in cultured
human lymphocytes and fibroblasts at NaF concentrations ranging from 20 to
40 μg/mL (Tsutsui, et al., 1984b; Albanese, 1987; Scott and Roberts, 1987).
Chromosomal aberrations were also observed in human leukocytes at
concentrations ranging from 1 to 132 μg/mL (Jachimczak and Skotarczak,
1978). Sato et al. (1989) reported the induction of chromosomal gaps, but not
breaks or rearrangements, in human lymphocytes treated with fluoride at
concentrations up to 44 μg/mL. However, other investigators did not observe
chromosomal aberrations in human lymphocytes and leukocytes exposed in
vitro to NaF at concentrations up to 125 μg/mL (Voroshilin et al., 1975; Kralisz
and Szymaniak, 1978; Matsuda, 1980; Gebhart et al., 1984). Sister chromatid
exchanges were also not observed in human lymphocytes exposed to NaF at
concentrations up to 420 μg/mL or KF at concentrations up to 580 μg/mL
(Thomson et al., 1985; Tong et al., 1988).

DNA Damage and Repair

Several investigators have studied the induction of DNA repair synthesis
and unscheduled DNA synthesis in various in vitro mammalian cell systems
(Table 6-3). NaF has been shown to inhibit protein and DNA synthesis in
cultured mammalian cells (Holland, 1979a,b; Li et al., 1988); the inhibition of
DNA synthesis might be a secondary effect of the inhibition of protein synthesis
or a direct inhibition of DNA polymerase (Skare et al., 1986a; Holland 1979a,b;
Imai et al., 1983). NaF failed to induce DNA repair synthesis in primary rat
hepatocytes at concentrations up to 160 μg/mL (Tong et al., 1988). Skare et al.
(1986a) did not
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observe unscheduled DNA synthesis in human fibroblasts treated with NaF at
8-500 μg/mL. NaF at concentrations of 10-300 μg/mL induced unscheduled
DNA synthesis in Syrian hamster cells (Tsutsui et al., 1984a) and in human
keratinocytes (Tsutsui et al., 1984c), but those results were not confirmed by
other investigators who used concentrations that did not induce high levels of
toxicity (Skare et al., 1986a; Tong et al., 1988).

TABLE 6-3 Effect of Fluoride Exposure on Induction of DNA Repair Synthesis and
Unscheduled DNA Synthesis
System Exposure

Time, hr
Flouride, μg/
mL

Result Reference

DNA repair
synthesis in rat
hepatocytes

18 2-160 Negative Tong et al.,
1988

UDS in human
fibroblasts

1.5-8 8-500 Negative Skare et al.,
1986a

UDS in rat
hepatocytes

18-20 8-120 Negative Skare et al.,
1986a

UDS in Syrian
hamster embryo
cells

12 10-40 Positive Tsutsui et al.,
1984a

UDS in human
oral keratinocytes

4 100-300 Positive Tsutsui et al.,
1984c

UDS = Unscheduled DNA synthesis.

Transformation

Transformation is a process that changes a normal cell into one that is
capable of forming a tumor that might or might not be malignant. The main
event that initiates transformation is a change in the genetic material.

Several investigators have studied the ability of NaF to transform cells in
culture (see Table 6-4). Dose-related increases in the frequencies of transformed
colonies were observed in Syrian hamster embryo cells at NaF concentrations
of 10-125 μg/mL (Tsutsui et al., 1984a; Jones et al., 1988a,b; Lasne et al.,
1988). Morphological transformation was not induced in BALB/3T3 cells
treated with NaF for 72 hours at concentra
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tions of 25-50 μg/mL (Lasne et al., 1988). Syrian hamster embryo cells
transformed by NaF at 75 or 100 μg/mL and injected into newborn Syrian
hamsters produced tumors at the site of injection after 141-320 days (Tsutsui et
al., 1984a). Histological examination of the tumors formed in vivo revealed that
the tumors were anaplastic fibrosarcomas.

TABLE 6-4 Effect of Fluoride on Cell Transformation

System End Point Exposure,
Time, d

Fluoride
μg/mL

Result Reference

Syrian
hamster
embryo
cells

Morphological
transformation

1 75-125 Positive Tsutsui et
al., 1984a

Syrian
hamster
embryo
cells

Neoplastic
transformation

1 75-100 Positive Tsutsui et
al., 1984a

Syrian
hamster
embryo
cells

Morphological
transformation

4 10-50 Positive Jones et
al., 1988a

Syrian
hamster
embryo
cells

Morphological
transformation

7 25-125 Positive Jones et
al., 1988b

Syrian
hamster
embryo
cells

Morphological
transformation

7 75-125 Positive Lasne et
al., 1988

BALB/3T3
cells

Foci 3 25-50 Negativea

Positiveb
Lasne et
al., 1988

a In standard assay.
b In ''promotion"-type assay.

It should be noted that hamster embryo cells are unusually sensitive to the
induction of transformation and are not considered to be representative of the
transformation susceptibility of other cell types. Thus, the overall significance
of the fluoride transformation data are subject to question.

Discussion

If there is a threshold concentration of fluoride for genotoxicity in in vitro
tests, how does it compare with concentrations found in humans? The results of
mammalian-cell culture studies show a lowest effective dose at approximately
10 μg/mL (NaF at 10 μg is equivalent to fluoride ion at 4.5 μg). That
concentration should be compared with the steady-state concentration of
fluoride ion at 0.02-0.06 μg/mL in human plasma
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that exists even in areas where water supplies are fluoridated. If it is accepted
that the sensitivity of human fibroblasts in vitro is a fair representation of
cellular sensitivity in vivo and if a true threshold does exist, then clearly there is
a large safety margin (Scott and Roberts, 1987).

IN VIVO GENOTOXICITY TEST SYSTEMS

NaF and other fluoride salts have been tested for their genotoxicity in
Drosophila and rodents. As shown above in the in vitro test results, the in vivo
test results are also mixed. The published data are generally weak and the
descriptions of experimental protocols often fail to provide dose-selection
criteria and toxicity information, thus precluding accurate assessment of the
adequacy of the test concentrations.

Drosophila

Several reports on the genotoxicity of NaF and other fluoride-containing
compounds in Drosophila have been published (Table 6-5). Most of the studies
used inadequate controls, thereby preventing assessment of the effect of NaF
alone. However, there are a few studies that allow critical analyses of the
mutagenicity of fluoride. Gerdes (1971) exposed Drosophila males to hydrogen
fluoride (HF) at 2.9 ppm and 4.3 ppm by inhalation and observed dose-related
increases in sex-linked recessive lethal mutations. Similar results were obtained
by Mitchell and Gerdes (1973) when NaF and SnF2 were administered to
Drosophila  by feeding in a glucose solution. Vogel (1973) reported that NaF in
diet induced whole chromosomal loss and partial chromosomal loss, an
indication of chromosomal breakage in postmeiotic germ cells of males.
However, Gocke et al. (1981) reported that feeding of SnF2 or sodium
monofluorophosphate (Na2FPO3) did not induce sex-linked recessive lethal
mutations in Drosophila. Other studies have reported no induction of sex-linked
recessive lethal mutations (Mukherjee and Sobels, 1968; MacDonald and
Luker, 1980) or dominant lethality and sex-chromosome loss (Büchi and Bürki,
1975), but the genetic systems used or the numbers of flies treated or examined
probably were inadequate.
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Rodents

Fluoride has been tested for its in vivo genotoxicity in mice, rats, and
hamsters. The in vivo studies in rodents include tests for mutations,
chromosomal aberrations, sister chromatid exchanges, DNA damage, and
related genotoxic effects in germ cells (Table 6-6).

Somatic Cells

Induction of sister chromatid exchanges, chromosomal aberrations, and
micronuclei was reported in the bone-marrow cells of mice administered NaF at
10-40 mg/kg of body weight by gavage and by intraperitoneal or subcutaneous
injection (Ma et al., 1986; Pati and Bhunya, 1987). However, the study of Ma et
al. (1986) is presented in abstract form and no data are available; Pati and
Bhunya (1987) included chromatid gaps and breaks in their analysis of
aberrations and relied largely on the gaps for their conclusions that NaF was
clastogenic. The results were dose- and time-dependent but showed no route
sensitivity. Fractionated dosing yielded weaker genotoxic response. The
significance of gaps is not understood, and they are not normally used in
aberration analysis. In contrast, no clastogenic effects were seen in bone
marrow of Swiss-Webster mice administered NaF at 50 mg/kg in feed for seven
generations (Kram et al., 1978). Martin et al. (1979) also did not observe
increased frequency of chromosomal aberrations in bone marrow or testis cells
of Swiss-Webster mice that received fluoride at either 50 mg/L for at least five
generations or 1-100 mg/L for 6 months as compared with animals that received
distilled water.

Mohamed and Chandler (1982) administered drinking water containing
fluoride at 0, 1, 5, 10, 50, 100, or 200 mg/L to BALB/c mice for 3-6 weeks.
Cytological studies on bone-marrow-cell chromosomes showed that NaF at
1-200 mg/L induced chromosomal changes in a dose-dependent manner. The
frequency of the induced chromosomal damage was significantly higher at
fluoride concentrations as little as 1 mg/L. However, because of the very high
frequency of aberrant cells in control animals and uncertainty regarding the
nature of aberrations scored, the validity of these findings is questionable. Li et
al. (1989) conducted a
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bone-marrow sister chromatid-exchange study in which NaF at 1, 10, 50, 
or 75 mg/L of drinking water was administered to male Chinese hamsters for 21
weeks. No significant increases in sister chromatid exchanges were observed,
even though fluoride concentrations in bone and plasma increased with NaF
treatment.

Micronuclei contain one (usually) or several chromosomes or chromosome
fragments that are not included in the nuclei formed at mitotic cell division.
They persist in one of the daughter cells for only one or several subsequent
divisions. Thus, micronuclei represent loss of genetic material from a body cell
(as opposed to reproductive cells: sperm and eggs), which eventually leads to
the death of that cell. Because micronuclei are scored at the long interphase
stage of the cell cycle, they serve as a rapid screen for agents that interfere with
normal mitotic chromosome and cell division.

Micronuclei were not induced in the bone marrow of mice injected once
intraperitoneally with NaF at 30 mg/kg or Na2FPO3 at 80 mg/kg (Hayashi et al.,
1988) or injected twice with SnF2 at up to 39.5 mg/kg (Gocke et al., 1981).
When Li and co-workers (1987c) administered NaF by gavage to male and
female B6C3F1 mice in doses up to the maximum tolerated dose (MTD) (80
mg/kg for males and 115 mg/kg for females), the mice did not show increased
micronucleated polychromatic erythrocytes in their bone marrow. Pati and
Bhunya (1987) reported increases in micronuclei in bone marrow
polychromatic erythrocytes of Swiss mice that received two intraperitoneal
injections of NaF at 10-40 mg/kg. No micronuclei were induced in the bone
marrow of male AP rats that received NaF at 500 or 1,000 mg/kg by gavage
(Albanese, 1987). Dunipace et al. (1989) did not observe micronuclei in
polychromatic erythrocytes of B6C3F1 mice that were given NaF in drinking
water at concentrations of 1-75 mg/L for 21 weeks.

Germ Cells

In the Mohamed and Chandler (1982) study in which BALB/c mice were
given drinking water containing fluoride at 0, 1, 5, 10, 50, 100, or 200 mg/L for
3-6 weeks, cytological tests showed that NaF at 1-200 mg/L induced
chromosomal aberrations in spermatocytes in a dose-dependent manner.
However, Martin et al. (1979) did not observe
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chromosomal aberrations in mitotic or meiotic cells of testes of mice that were
administered fluoride at 1-100 mg/L of drinking water for 6 weeks or
maintained for several generations on 50 mg/L of drinking water. Inhalation of
HF at 0.1 mg/m3, 6 hours per day, 6 days per week for 2-4 weeks did not induce
aberrations in meiotic chromosomes of the testes of white mice (Voroshilin et
al., 1975). Dominant lethal mutations were not observed in male white mice
that inhaled HF at concentrations of 1 mg/m3 for 2-4 weeks (Voroshilin et al.,
1975). A study on sperm-head morphology in Swiss mice exposed
intraperitoneally to NaF at 10-40 mg/kg for 5 days and then sampled 35 days
later reported a large dose-dependent increase in abnormal sperm (Pati and
Bhunya, 1987). However, no morphological abnormalities were observed in
sperm from mice that drank water containing fluoride at concentrations of 75 g/
L for 21 weeks (Dunipace et al., 1989) or that were given fluoride at up to 70
mg/kg by gavage for 5 days (Li et al., 1987d). No DNA single-strand breaks
were observed in testicular cells of rats that were administered NaF by gavage
at up to 84 mg/kg per day for 5 days (Skare et al., 1986b). Genotoxicity of
fluoride in germ cells of mammals cannot be evaluated because of insufficient
data.

Human Studies

There are no published studies in the literature on the genetic or
cytogenetic effects of fluoride in humans.

PROPOSED MECHANISMS OF GENOTOXICITY

The mechanism of genotoxicity of fluoride is not known. A number of
possible mechanisms have been postulated to explain the observed genotoxicity
of fluoride (NTP, 1990; PHS, 1991). Fluoride is not a typical mutagen. It cannot
intercalate (invade and insert) into the DNA molecule and therefore cannot
form DNA adducts, which can result in mutation. Furthermore, the results of
many studies conducted to determine the genotoxicity of fluoride often conflict,
making it difficult to explain the mechanisms of genotoxicity of fluoride.
Nonetheless, clues to how fluoride affects genetic integrity can be found in the
interaction
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of fluoride with cellular components. Speculations on mechanisms of genetic
toxicity have been based on the observed reactions of fluoride in solution with
divalent cations or nucleotides or the physiological and biochemical responses
of cells treated with fluoride. NaF inhibits protein and DNA synthesis in
cultured mammalian cells (Holland, 1979a). The inhibition of DNA synthesis
might be a secondary effect of the inhibition of protein synthesis or a direct
effect of the inhibition of DNA polymerase or other DNA synthesis-associated
enzymes. Fluoride can react with divalent cations in the cell to affect enzyme
activities that are necessary for DNA or RNA synthesis or chromosomal
metabolism or maintenance; it might react directly with DNA as part of a
complex; or it can disrupt other cellular processes, such as cell differentiation or
energy metabolism (Hellung-Larsen and Klenow, 1969; Harper et al., 1974;
Holland, 1979a,b; Srivastava et al., 1981; Imai et al., 1983; Edwards and Parry,
1986). A hypothesis of secondary effects on DNA or chromosomes is attractive
because there is no apparent mechanism by which many of the genotoxic effects
observed can be induced by direct interaction of fluoride with DNA.

SUMMARY

The in vitro data indicate that (1) the genotoxicity of fluoride is limited
primarily to doses much higher than those to which humans are exposed, (2)
even at high doses, genotoxic effects are not always observed, and (3) the
preponderance of the genotoxic effects that have been reported are of the types
that probably are of no or negligible genetic significance.

In vivo tests in rodents for genotoxicity of fluoride provide mixed results
that cannot be resolved readily because of differences in protocols and
insufficient detail in some reports to allow a thorough analysis.
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7

Carcinogenicity of Fluoride

FLUORIDE CARCINOGENCITY IN HUMANS

More than 50 epidemiological studies have evaluated the possibility of an
association between fluoride concentrations in drinking water and human
cancer. With one exception, the available studies are geographic correlation
studies or geographic time-trend correlation studies in which measures of
exposure and disease are made at the community level. The strengths and
limitations of such ecological studies are addressed in Chapter 3.

Because of the continuing importance of the question of fluoride in
drinking water and human cancer, the relevant scientific literature has been
exhaustively reviewed by several independent expert panels of epidemiologists.
The two most comprehensive evaluations were conducted by the British
Working Party on the Fluoridation of Water and Cancer under the chairmanship
of E.G. Knox (Knox, 1985) and by an international panel of epidemiologists
convened by the Monographs Programme of the International Agency for
Research on Cancer in Lyon, France (IARC, 1982). In addition, the
epidemiological literature was reviewed by a subcommittee of the Drinking
Water Committee of the National Research Council (NRC, 1977). The latter
review was less
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detailed than the Knox and IARC reports but reached similar conclusions; it
will not be considered further here.

The Knox and IARC panels considered all the available evidence relating
to fluoride in drinking water and cancer in human populations. Given the high
quality of the critical literature reviews already completed by Knox and co-
workers, IARC, and other groups, the subcommittee elected to briefly
summarize their findings and conclusions rather than conduct another
independent review of the available literature. There have been few
contributions to the literature since the publication of the Knox report (Knox,
1985). Eight studies deserve consideration (Lynch, 1984; Hrudey et al., 1990;
Hoover et al., 1991a,b; McGuire et al., 1991; Mahoney et al., 1991; Cohn,
1992; Freni and Gaylor, 1992). They will be described and evaluated separately.

As noted earlier, correlations of exposure and disease or mortality rates
among population aggregations made in ecological studies are subject to certain
limitations. However, the exposure measure used in correlational studies of
fluoridated water and cancer is unusual in that it applies to most or all
individuals within a study area. Therefore, such studies might be better
indicators of risk than other correlational studies, such as occupational or
ethnicity studies, in which only a small fraction of a country's population
usually is truly exposed. All the expert panels noted the relative strengths and
weaknesses of the correlation studies.

The expert panel reviews generally agree that available data provide no
credible evidence for an association between either naturally occurring fluoride
or added fluoride in drinking water and risk of human cancer. A series of
studies begun in 1975 by Yiamouyiannis and colleagues showed both
geographic and temporal associations between fluoride in drinking water and
risk of cancer mortality (e.g., Yiamouyiannis and Burk, 1977). However, as
revealed in great detail in Chapters 3 and 4 of the Knox report (Knox, 1985) and
in many other critiques, those studies did not adjust adequately for differences
in age, race, and sex of the compared populations. That resulted in inappropriate
comparisons of groups that differed in one or more of those demographic
factors. The Knox report concluded that there is ''no reliable evidence of any
hazard to man in respect to cancer." The IARC group (1982) came to a similar
conclusion, namely, that "Variations geographically and in time in the fluoride
content of water supplies provide no evidence of an association between
fluoride ingestion and mortality from cancer in humans." The panels that
evaluated the available epidemiological data on fluoride in
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drinking water recognized the limitations of demographic correlational studies
in providing fully adequate data to make such evaluations.

Lynch (1984) conducted a study using cancer incidence in Iowa
municipalities for the years 1969-1981. The relation between cancer incidence
and added or natural fluoride in drinking water was analyzed in 158
municipalities with a total 1970 population of 1,414,878. A total of 66,572
cancer cases (comprising cancer of all sites, the bladder, female breast, colon,
lung, prostate, rectum, and other sites combined) were evaluated in four study
groups, two each for added fluoride and for natural fluoride. In addition, the
duration of exposure to fluoridated water was evaluated. Univariate and
multivariate cancer-site, sex-specific statistical analyses were performed. Eight
sociodemographic variables were evaluated in multivariate models to account
for any effect they might have had on the fluoride-cancer relation. The results
showed inconsistent relations between the fluoride variable and cancer
incidence and failed to support a fluoride-cancer association.

Hoover et al. (1991a) updated an earlier analysis of cancer mortality by
county in the United States (Hoover et al., 1976) as related to county drinking-
water fluoridation. The analysis used records of over 2,208,000 cancer deaths
by county for 1950-1985 to examine possible changes in county cancer
mortality over that period. The study was restricted to the white population to
avoid confounding by racial variations in cancer mortality rates. Comparisons
of age-adjusted cancer mortality by anatomic site and sex were made between
fluoridated and nonfluoridated counties for time periods preceding and
following fluoridation. Cancers of the bones and joints (osteosarcoma is not
reported separately in mortality statistics) were singled out for detailed analysis
because of results of animal studies. Among both males and females residing in
counties with rapid fluoridation (at least two-thirds of the population receiving
fluoridated water within 3 years), the risk of death from cancers of bones and
joints 20-35 years after fluoridation was the same as it was in the years
immediately preceding fluoridation. Cancer-incidence data, as related to
fluoridation status of drinking water, were also analyzed in counties of two
geographic regions covered by the Surveillance, Epidemiology and End Results
Program (SEER), a large tumor registry supported by the National Cancer
Institute. Both regions comprised fluoridated and nonfluoridated counties. Over
125,000 newly diagnosed cases were included. For all types of malignancy,
there was no evidence of a consistent relation between cancer incidence or
mortality and patterns of
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fluoridation. An additional study of cancer incidence in SEER areas analyzed
incidence rates of osteosarcoma as well as all bone and joint cancers with
respect to time of fluoridation (Hoover et al., 1992b). Although the rates of
osteosarcoma were generally higher in the fluoridated areas than in the
nonfluoridated areas, they bore no relation to time of fluoridation.

McGuire et al. (1991) conducted a small case-control study of
osteosarcoma that included telephone interviews with 22 patients and matched
controls. No association was found between osteosarcoma and average lifetime
or childhood exposure to fluoride in drinking water. The small size of the
population restricted the statistical power of this study to detect associations.

A study of cancer-incidence rates in fluoridated and nonfluoridated
communities in New York conducted by Mahoney et al. (1991) evaluated time
trends of all bone-cancer rates between 1950 and 1987 and time trends of
osteosarcoma rates between 1970 and 1987; a comparison of bone-cancer and
osteosarcoma rates among males and females between 1976 and 1987 was also
performed. Total bone cancer increased significantly in males less than 30 years
of age, amounting to a 54% increase between 1955 and 1987, but decreased
significantly in males and females (separately) 30 years of age and older.
Osteosarcoma did not increase significantly in males of either age group or in
females. The average annual sexand age-specific rates of bone cancer and
osteosarcoma for 1970-1987 did not differ in areas with or without fluoridated
drinking water.

An ecological study in seven central New Jersey counties observed a
higher rate of osteosarcoma in fluoridated communities than in nonfluoridated
communities in 1979-1987 (a risk ratio of 3.4 among males under 20 years of
age) (Cohn, 1992). Osteosarcoma was diagnosed in 12 males under 20 years of
age in fluoridated communities versus eight males in nonfluoridated
communities. Rate ratios comparing fluoridated with nonfluoridated
communities were not elevated among females or among males in older age
groups. The question of osteosarcoma rates in young males with respect to time
of fluoridation was not examined in this study.

A study in the Province of Alberta, Canada, compared the annual
incidence rates of osteosarcoma for 1970-1988 in Edmonton, where water was
first fluoridated in 1967, with rates in Calgary, where water was fluoridated in
the fall of 1989 (Hrudey et al., 1990). The data showed no difference in rates
between the municipalities and showed no time
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trend. The average annual incidence rates for 1970-1988 were 0.27 per 100,000
in Edmonton and 0.29 per 100,000 in Calgary, based on 26 and 29 cases,
respectively.

Freni and Gaylor (1992) conducted a time-trend analysis of bone-cancer
incidence in the United States, Canada, and Europe. Bone-cancer incidence
rates were obtained from 40 cancer registries covering a population of 150
million people for periods of 3-6 years spanning the period 1958-1987. A
registry area was considered fluoridated if fluoride at approximately 1 mg/L
was added to the drinking water of a least 50% of the registry population in the
1960s or before. Because bone cancer is rare, the cumulative risk among people
10-29 years of age or 0-74 years of age was used to examine time trends.
Significant increases in the cumulative risk of bone cancer were noted primarily
among young males in some registry areas in the United States; significant
decreases in lifetime risk were noted among both sexes in Europe. Neither the
American increase nor the European decrease in risk was related to fluoridation.

Findings from the additional studies support the conclusions of the Knox
report and the IARC panel in that they provide no credible evidence for an
association between fluoride in drinking water and risk of cancer.

FLUORIDE CARCINOGENICITY IN ANIMALS

The subcommittee reviewed six carcinogenicity studies in animals that
have been reported in the literature to date (Table 7-1). However, only two
carcinogenicity studies conducted by NTP and Procter & Gamble are
considered adequate for determining the carcinogenic activity in animals. The
first four studies are inadequate because of deficiencies in design or
documentation of results, although they were consistently negative for an
association of fluoride with carcinogenicity.

Early Toxicological Studies Of Fluoride and Cancer

Tannenbaum and Silverstone (1949) showed that the addition of 0.09% (10
mg/kg of body weight) sodium fluoride to the diets of female mice
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resulted in a 10-40% reduction in body weight without a reduction in caloric
intake. Mice on the fluoride diets also drank notably more water than did
controls. There was a marked reduction in the incidence of spontaneous
mammary tumors: after 100 weeks on the diet, 20 of 50 exposed mice
developed mammary tumors as compared with 37 of 50 controls. (The
subcommittee felt that the reduction in mammary neoplasms in the exposed
mice was probably related to reduced body weight rather than to a true
protective effect of fluoride.) The authors also evaluated the tumor-promoting
effects of fluoride by administering sodium fluoride in the diets of mice after
subcutaneous injection of 0.15 mg of benzopyrene. After 52 weeks, 13 of 40
fluoride-exposed mice developed sarcomas, as compared with 7 of 40 controls.
In contrast,

TABLE 7-1 Studies of Fluoride Carcinogenicity in Animals

Study Sex/
Species

Route Dose Results

Tannenbaum
and Silverstone,
1949

Female
mice

Diet 10 mg/kg Negative

Taylor, 1954 Female
mice

Drinking
water

0.4-10
mg/L

Negative

Taylor and
Taylor, 1965

Micea Drinking
water

1-5 mg/L Accelerated
growth of
mammary gland

Kanisawa and
Schroeder, 1969

Male and
female
mice

Drinking
water

10 mg/L Negative

NTP study
(Bucher et al.,
1991)

Male rats Drinking
water

25, 100,
175 mg/L

Equivocal
increase in
osteosarcomas

NTP study
(Bucher et al.,
1991)

Female
rats, and
male and
female
mice

Drinking
water

25, 100,
175 mg/L

Negative

P&G study
(Maurer et al.,
1990)

Male and
female rats

Diet 4, 10, 25
mg/kg

Negative

P&G study
(Maurer et al.,
in press)

Male and
female
mice

Diet 4, 10, 25
mg/kg

Observation of
osteomas

a Sex not specified.
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there was a marked reduction in the incidence of primary lung tumors in
fluoride-exposed Swiss and ABC mice after 60-62 weeks of treatment. The
authors were unable to provide a simple explanation for the divergent effects of
sodium fluoride on subcutaneous sarcomas and lung tumors induced by
benzopyrene.

Taylor (1954) exposed female DBA and C3H mice to low concentrations
of sodium fluoride in drinking water (fluoride at 0.4-10 mg/L) for 7-17 months.
Each treatment group comprised 12-42 mice, most groups comprising 20
animals. Many of the groups were maintained on a chow diet that contained
fluoride up to 20 mg/kg; the remaining groups were fed a diet containing a
negligible amount of fluoride. Mortality was greater in the fluoride-exposed
groups, although the cause of the early deaths of animals given fluoridated
water was not generally given. Mammary adenocarcinomas were observed in
both exposed and control groups; in total, 59% of the deaths of exposed animals
during the course of these studies were considered to be due to those tumors, as
compared with 54% of the controls. The four groups of mice exposed to
fluoride at 10 mg/L of drinking water averaged 63% mortality from cancer (all
types of neoplasms combined) in comparison with 51% of the controls. The
authors concluded that those data provided no indication that the incidence of
cancer was increased as a result of exposure to fluoride. Despite the negative
findings, the subcommittee felt that the study was inadequate because of the
comparatively small number of animals assigned to each treatment group and
the relatively short period of observation. The fluoride doses used in this study
were also appreciably lower than current estimates of the maximum tolerated
dose for fluoride (Bucher et al., 1991; Maurer et al., 1990, in press).

Taylor and Taylor (1965) showed that low concentrations of sodium
fluoride can increase the rate of growth of transplanted mammary
adenocarcinomas in DBA mice. In the study, sodium fluoride was added to the
tumor tissue suspension before transplantation, to the drinking water of the host
animals after transplantation, or by subdermal injection after transplantation.
Acceleration of tumor growth was also demonstrated with tissue cultured in the
yolk sacs of embryonated eggs. Tumor growth was enhanced by more than
100% in both cases. However, with exposure to higher concentrations of
sodium fluoride, tumor growth was inhibited. The subcommittee observed that
this model is unusual for
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studying tumor growth and noted the incongruous results at high and low levels
of exposure.

Kanisawa and Schroeder (1969) exposed white Swiss mice of the Charles
River strain (CD-1) to fluoride at 10 mg/L (administered as sodium fluoride) in
drinking water for life. Male mice exposed to fluoride survived 1-2 months
longer than unexposed controls. Ten percent of the males were still alive at 752
days of age; female mortality did not reach 90% until 789 days of age.
Pathology examination was limited to a small number of tissues and
macroscopically visible tumors. Of the 72 animals exposed to fluoride, 22
developed neoplasms (five of these were malignant) primarily in the lung. The
lifetime incidence of specific tumors observed in those animals was comparable
to that in the 71 controls. The authors concluded that oral ingestion of fluoride
cannot be considered carcinogenic in mice at the dose given. The subcommittee
felt that exposure was not adequately documented, particularly with respect to
fluoride concentrations in bone. The pathological evaluation was also
inadequate because bone lesions were not adequately assessed.

Recent Carcinogenicity Bioassays

Two recent studies have raised some concern about the ability of fluoride
to induce cancer in animals. The study conducted by NTP (NTP, 1990; Bucher
et al., 1991) indicated a possible increase in the incidence of osteosarcomas in
F344/N male rats, although no such lesions were observed in female rats.
B6C3F, mice also failed to demonstrate a carcinogenic response to fluoride.

The incidence of osteosarcomas in male and female rats in the study is
shown in Table 7-2. Sodium fluoride was administered in the drinking water at
concentrations of 25, 100, and 175 mg/L for 103 weeks. Fifty animals of each
sex were assigned to the two lowest-dose groups, and 80 were assigned to the
high-dose and control groups. Mild fluorosis was observed in teeth of all dose
groups of both mice and rats, although more so in rats. Four osteosarcomas
were observed in male rats: one in the group exposed to 100 mg/L and three in
the group exposed to 175 mg/L. Two of the three osteosarcomas in the high-
dose group were detected with radiographs. Although the incidence of
osteosarcomas in the high-dose group was not significant (p > 0.05) in relation
to the control
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response rate, the trend in response to increased dose was significant (p =
0.027). NTP considered those data "equivocal evidence of carcinogenic
activity" in male rats, and "no evidence of carcinogenicity" in female rats or in
male or female mice. The subcommittee felt that the study was generally well
conducted in accordance with current bioassay standards and agreed with the
interpretation of the results in isolation. However, the subcommittee also felt
that the results must be examined in conjunction with results of other studies,
particularly those of Maurer et al. (1990, in press).

TABLE 7-2 Incidence of Oteosarcomas in Rats Exposed to Sodium Fluoride in
Drinking Water
Rats Concentration, mg/L No. of Animals No. of Osteosarcomas
Males 0 80 0

25 51 0
100 50 1
175 80 3

Females 0 80 0
25 50 0
100 50 0
175 81 0

Source: NTP, 1990.

The Maurer et al. (1990, in press) studies for Procter & Gamble (P&G)
clearly indicated that sodium fluoride increased the incidence of osteomas
(noncancerous bone tumors) in male and female CD- mice (Table 7-3) but not
in male and female Sprague-Dawley rats. In the experiments, 60 female and 60
male mice and 70 female and 70 male rats were exposed to dietary sodium
fluoride at concentrations of 4, 10, or 25 mg/kg of body weight per day. The
length of the rat study, 95 weeks for males and 99 weeks for females, was based
on a termination criterion of 20% survival. In the mice study, the 20% survival
rate was reached at 95 weeks for males and 97 weeks for females.

Fluoride exposure induced severe fluorosis of bones and teeth in mice and
rats and osteomas in both sexes of mice. The investigators cautioned that the
increase in osteomas in mice might have resulted from a con
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taminating retrovirus. The subcommittee noted, however, that the virus would
have to preferentially affect the exposed groups in relation to the control groups
to be solely responsible for the observed dose-response relation. This point is
discussed further below.

TABLE 7-3 Incidence of Osteomas in Male and Female CD-1 Mice Exposed to
Sodium Fluoride in Their Diet
Mice Concentration,

mg/kg
No. of
Animals

No. of
Animals
with
Osteomasa

No. of
Osteosarcomas

Male 0 0 1 0
0 45 0 0
4 42 0 0
10 44 2 0
25 50 13 0

Females 0 50 2 0
0 45 3 0
4 42 4 0
10 44 2 0
25 50 13 0

a Historical control incidence in CD-1 mice is < 1%.
Source: Maurer et al., in press.

In attempting to resolve the apparent differences between the NTP and
P&G studies, several issues need to be considered.

• Different routes of exposure were used in the NTP and P&G studies. To
evaluate the different results for rats in the two studies, a common measure of
dose is needed. Doses in the two studies can be compared by using bone
fluoride concentrations. Under the exposure conditions imposed in both studies
(continuous exposure to fluoride in water or feed), fluoride concentration in
bone represents the most reliable indicator of the total body burden of fluoride.
Using that indicator, the highest dose used in the P&G study was 2 to 3 times
greater than the highest dose used in the NTP study (Table 7-4) and yet it did
not induce bone neoplasms. Doses of fluoride at 4 mg/kg in feed in the P&G
study resulted in bone-ash fluoride concentrations comparable to those in the
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highest-dose group (NaF at 175 mg/L of drinking water) in the NTP study.

TABLE 7-4 Comparison of NTP and P&G Studies

Fluoride Dose Fluoride Concentrations in Bone Ash (μg of fluoride/mg of bone
ash)
Rats Mice
Males Females Males Females

NTP Study
Control 445 (0)a 554 (0) 719 (0) 917 (0)
25 mg/L 978 (0) 1,348 (0) 1,606 (0) 1,523 (0)
100 mg/L 3,648 (1) 3,726 (0) 3,585 (0) 4,370 (0)
175 mg/L 5,263 (3)b 5,554 (0) 5,690 (0) 6,241 (0)
P&G Study
Control 1 467 (0) 505 (0) 1,582 (1) 971 (2)
Control 2 691 (0) 785 (0) 1,676 (0) 1,295 (3)
4 mg/kg 5,014 (0) 4,541 (0) 4,405 (0) 3,380 (4)
10 mg/kg 8,849 (0) 8,254 (0) 7,241 (2) 6,189 (2)
25 mg/kg 16,761 (0) 14,428 (0) 13,177 (13)c 10,572 (13)c

a Number in parenthesis is the number of osteosarcomas (in NTP study) or osteomas (in P&G
study).
b Equivocal evidence of increased incidence of osteosarcomas (Bucher et al., 1991).
c Increased incidence of osteomas (Maurer et al., in press).

• It is important to evaluate the NTP finding of equivocal evidence of
carcinogenic activity in male rats in the context of other studies. Such a weight-
of-the-evidence approach is necessary to make an overall judgment concerning
fluoride carcinogenicity. Even though the four earlier animal studies each
suffered from deficiencies in design or interpretation, none gave any indication
of an association between fluoride and osteosarcoma. Collectively, they provide
limited support for the hypothesis of no association between exposure to
fluoride and increased risk of osteosarcoma.

Even though the highest dose of fluoride in the P&G rat study was more
than twice the highest dose in the NTP study in terms of bone fluoride
concentrations (Table 7-4), no osteosarcomas were observed in
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either sex of rats in the P&G study. Therefore, the P&G study does not support
the equivocal findings in the NTP study. However, different rat strains were
used in these two studies; therefore, possible differences in susceptibility in
these two strains cannot be ruled out.

• The role of the retrovirus in the P&G mouse studies is not clear. Because
the virus is transmitted vertically, mice in all dose groups were infected. Also,
there is no evidence that viral infection was linked to the occurrence of
osteomas. An association between this retrovirus and osteoma has not been
previously established: therefore, the subcommittee sees no convincing
evidence that the retrovirus alone caused the osteomas. The virus might
conceivably have had a potentiating effect on the induction of osteomas,
although evidence for that is lacking. The subcommittee believes that the most
obvious explanation for the increased incidence of osteomas in mice is that the
dose in the P&G study (based on bone fluoride concentrations) was more than
twice as high as the dose in the NTP study (Table 7-4) and that the occurrence
of osteoma in the P&G study was related to exposure to fluoride.

• Of equal importance is the relevance of the mouse osteomas in terms of
their relation to the potential carcinogenic activity of fluoride in animals and, by
extension, in humans. The subcommittee considered the biological importance
of the osteomas observed in mice in the P&G study from several perspectives.
Are they part of a neoplastic continuum? Do they have the potential for
malignant change? Should they be considered evidence of carcinogenic
activity? Should they be considered a hyper-plastic response? Are they a unique
lesion induced by exposure to fluoride?

A critical issue in the P&G mouse study is whether the osteomas observed
at the highest dose in male and female mice are related to osteosarcomas or to
other neoplastic diseases. In an attempt to answer that and other questions, the
subcommittee asked the Armed Forces Institute of Pathology (AFIP) to review
the osteomas in the P&G study (Appendix 2). The results of their review are in
Appendix 3.

According to the AFIP, arguments that support the view that the osteomas
are not true neoplasms include the following: (1) none of the lesions progressed
beyond the benign condition; (2) none of the tumors showed characteristics of
precancerous change; (3) in contrast to primary bone neoplasms, which are
usually unicentric in origin (in animals as
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well as humans), many of the osteomas in mice were multicentric; and (4) there
is no human counterpart to this lesion.

• In the scientific community, there are clear differences in opinion
concerning the relevance of high-dose toxicological studies in rodents to
humans (Rall, 1991; Ames, 1991). Factors to be considered include the relative
bone and plasma fluoride concentrations in animals exhibiting lesions in
relation to the concentrations observed in human populations. Another factor to
be considered is the relative plasma fluoride concentrations. Unfortunately,
reliable plasma fluoride values are not available from the NTP study.

Suppose that, on the basis of the results of the NTP study, fluoride induces
osteosarcoma in male rats at concentrations of approximately 5,300 ppm in
bone ash. The bone-ash concentrations in mice where osteomas appeared to be
related to fluoride exposure were approximately 13,200 ppm in males and
10,500 ppm in females (Table 7-4).

Studies of fluoride in human bone ash indicate that concentrations in
people 70 years of age and older might exceed 4,000 ppm in exceptional cases
where exposure to fluoride has been high. Osteosarcoma occurs in humans
almost exclusively in the first three decades of life. Bone-ash concentrations in
people of that age are substantially lower, generally less than 3,000 ppm.

Osteosarcoma is associated with long-bone growth in humans. The long
bones cease to grow in teenaged humans but continue to grow throughout the
lifetime of rats. Thus, rats are susceptible for a longer portion of their lifespan
than humans. In fact, the osteosarcomas observed in the NTP study were found
exclusively in older rats.

CONCLUSIONS

More than 50 epidemiological studies have been conducted to evaluate the
relation between fluoride concentrations in drinking water and human cancer.
With minor exceptions, these studies used the method of geographic or
temporal comparisons of fluoridation status and regional cancer rates. There is
no consistent observation of increased cancer risk with drinking-water
fluoridation; most of the studies show no association. The large number of
epidemiological studies combined with their lack of positive findings implies
that if any link exists, it must be very weak.
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Based on the weight of the available evidence, the subcommittee believes
that the collective data from the rodent fluoride toxicological studies do not
present convincing evidence of an association between fluoride and increased
occurrence of bone cancer in animals. The equivocal result of osteosarcoma in
male rats in the NTP study was not supported by results in females in the same
study or by the P&G rat study, even though the latter had much higher exposure
levels. That suggests that the male rat osteosarcomas observed in the NTP study
were not related to fluoride exposure. The subcommittee concluded that the
increased incidence of osteomas in male and female mice in the P&G study is
most likely related to fluoride, although the presence of a contaminating
retrovirus was considered a confounding factor. Consideration was given to the
biological significance of the treatment-related increased incidence of benign
osteomas in male and female mice at the highest dose in the P&G study. The
key question is whether the osteomas are true neoplasms or not. The AFIP
concluded that these lesions are not true bone neoplasms, and, therefore, it
would be inappropriate to use them to establish carcinogenic activity. In fact,
they are more reminiscent of hyperplastic (hyperostoses) than neoplastic
lesions. The subcommittee concluded that the osteomas observed in mice at the
highest dose in the P&G study are of questionable biological significance in
terms of their relevance to humans, especially in light of their occurrence at
fluoride exposures far greater than those that are likely to occur in humans.

The subcommittee concludes that the available laboratory data are
insufficient to demonstrate a carcinogenic effect of fluoride in animals. The
subcommittee also concludes that the weight of the evidence from more than 50
epidemiological studies does not support the hypothesis of an association
between fluoride exposure and increased cancer risk in humans.

RECOMMENDATIONS

The subcommittee observed that weak associations between cancer risk
and exposure to fluoride, if they exist, might be more readily identified
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in analytical studies based on individual outcome and exposure information
than in ecological studies based on aggregate outcomes and exposures. Thus,
conducting well-designed studies with information from individuals is
important in the ongoing evaluation of fluoride carcinogenicity. The
subcommittee therefore recommends conducting one or more highly focused,
carefully designed analytical studies (case control or cohort) of the cancer sites
that are most highly suspect, based on data from animal studies and the few
suggestions of a carcinogenic effect reported in the epidemiological literature.
Such studies should be designed to gather information on individual study
subjects so that adjustments can be made for the potential confounding effects
of other risk factors in analyses of individuals. Information on fluoride exposure
from sources other than water must be obtained, and estimates of exposure from
drinking water should be as accurate as possible. In addition, analysis of
fluoride in bone samples from patients and controls would be valuable in
inferring total lifetime exposure to fluoride. Among the disease outcomes that
warrant separate study are osteosarcomas and cancers of the buccal cavity,
kidney, and bones and joints.
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8

Intake, Metabolism, and Disposition of
Fluoride

FLUORIDE INTAKE

The literature contains several reviews of the sources and amounts of
fluoride intake by age, water fluoride concentration, and geographic region in
the United States that may be consulted for detailed discussions (McClure,
1943; Farkas and Farkas, 1974; Myers, 1978; Ophaug et al., 1980a,b, 1985;
Whitford, 1989; Burt, 1992). This discussion will summarize our current
understanding of the main points covered in those reports.

The major sources of fluoride intake are water, beverages, food, and
fluoride-containing dental products. Fluoride exposure from the atmosphere
generally accounts for a small fraction (about 0.01 mg per day) of the intake of
fluoride (Hodge and Smith, 1977). The fluoride concentrations in groundwater
range from less than 0.1 mg/L to more than 100 mg/L and depend mainly on the
concentration and solubility of fluoride compounds in the soil. The fluoride
concentrations in foods also depend on the fluoride concentrations in soil but
can be increased or decreased according to the fluoride concentrations in water
used for preparation. The fluoride concentrations in most dental products
available in the United States range from 230 ppm (0.05% sodium fluoride
mouth rinse) to over 12,000 ppm (1.23% acidulated phosphate fluoride gel).
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The average intake of dietary fluoride by young children who drink water
containing fluoride at 0.7-1.2 mg/L is approximately 0.5 mg per day or
0.04-0.07 mg/kg of body weight per day, although substantial variation occurs
among individuals (McClure, 1943; Ophaug et al., 1980a,b, 1985). The classical
epidemiological studies done in the 1930s and 1940s on the relation between
water fluoride concentrations and dental caries and dental fluorosis determined
that 0.7-1.2 mg/L was optimal because it provided a high degree of protection
against dental caries and a low prevalence of milder forms of dental fluorosis.
Thus, the associated amount of intake by children (0.04-0.07 mg/kg per day)
has generally been accepted as optimal, or as Burt (1992) has said, as ''a useful
upper limit for fluoride intake by children."

Fluoride intake by nursing infants depends mainly on whether breast milk
or formula is fed. Human breast milk contains only a trace of fluoride (about 0.5
μmol/L, depending on fluoride intake) and provides less than 0.01 mg of
fluoride per day (Ekstrand et al., 1984). Ready-to-feed formulas generally
contain fluoride at less than 0.4 mg/L (Johnson and Bawden, 1987; McKnight-
Hanes et al., 1988), and formulas reconstituted with fluoridated water (0.7-1.2
mg/L) contain fluoride at 0.7 mg/L or more. Thus, fluoride intake from formula
might range from less than 0.4 to over 1.0 mg per day. It is evident that that
range includes amounts that exceed the optimal range of 0.7-1.2 mg/L and,
therefore, might be thought to increase the risk of dental fluorosis. Recent
evidence, however, indicates that the transitional or early-maturation stage of
enamel development is when the tissue is most susceptible to fluoride-induced
changes (Evans, 1989; Pendrys and Stamm, 1990; Evans and Stamm, 1991a).
The early-maturation stage occurs during the third or fourth year of life for the
permanent anterior teeth when the amount of dietary fluoride intake in a
community with fluoridated water is generally within 0.04-0.07 mg/kg per day.

Ophaug et al. (1980a,b) determined dietary fluoride intake by young
children in four regions of the United States. Mean intake by 6-month-old
infants was 0.21-0.54 mg per day, and that by 2-year-old children was 0.32-0.61
mg per day. The mean intake by the 2-year-old children (but not the 6-month-
old group) was directly related to the fluoride concentration in the drinking
water. Those data are in close agreement with the findings of Dabeka et al.
(1982) and Featherstone and Shields (1988). Dietary fluoride intake by adults
living in areas served with water fluoridated at about 1.0 mg/L has been
estimated at 1.2 mg per day
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(Singer et al., 1980), 1.8 mg per day (Taves, 1983), and 2.2 mg per day (San
Filippo and Battistone, 1971). Intake by some people, such as outdoor laborers
in warm climates or those with high urine output disorders (Klein, 1975), would
be substantially higher.

Fluoride-containing dental products intended for topical application of
fluoride to teeth (especially toothpastes because of their widespread use) are an
important source of ingested fluoride for both children and adults. Dowell
(1981) reported that nearly 50% of his sample had started brushing by the age
of 12 months. At 18 months, 75% were brushing with fluoride toothpaste. The
average amount of toothpaste used in one brushing is 1.0 g (ranging from 0.1 to
2.0 g), which, for a product at 1,000 ppm, contains 1.0 mg of fluoride. The
results from several studies indicate that an average of 25% (ranging from 10%
to 100%) of fluoride introduced into the mouth with toothpaste or mouth rinse
is ingested, but the percentage is higher for young children who do not have
good control of the swallowing reflex (Hellström, 1960; Ericsson and Forsman,
1969; Hargreaves et al., 1972; Parkins, 1972; Barnhart et al., 1974; Baxter,
1980; Dowell, 1981; Wei and Kanellis, 1983; Bell et al., 1985; Bruun and
Thylstrup, 1988). It has been calculated that the amount of fluoride ingested
with toothpaste (or mouth rinse) by children who live in a community with
optimally fluoridated water, who have good control of swallowing, and who
brush (or rinse) twice a day is approximately equal to the daily intake of
fluoride with food, water, and beverages (Whitford et al., 1987). In the case of
younger children or those who, for any other reason, have poor control of
swallowing, the daily intake of fluoride from dental products could exceed
dietary intake.

For several reasons, differences in fluoride intake in communities with
different water fluoride concentrations are likely to be smaller today than in the
1940s, when the epidemiological studies of dental caries and fluorosis studies
by H.T. Dean and his associates were done. The use of fluoride-containing
dental products, especially toothpastes, is widespread, and dietary fluoride
supplements are prescribed for children from birth to teenage years more
frequently in areas without water fluoridation. The dosage schedule for fluoride
supplementation currently recommended by the American Dental Association
and the American Academy of Pediatrics is shown in Table 8-1. Furthermore,
most urban areas in many states have controlled water fluoride concentrations
(about 1.0 mg/L). In general, the so-called "halo effect" occurs in those areas
where foods and beverages are processed and packaged for distribution
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to other communities, including those without fluoridated water supplies. At the
expense of tap-water consumption, soft-drink consumption in the United States
and Canada has increased sharply in recent years in both fluoridated and
nonfluoridated areas (Beals et al., 1981; Chao et al., 1984; Ismail et al., 1984;
Clovis and Hargreaves, 1988). Fluoride intake from soft drinks and other
beverages prepared with fluoridated water amounts to 0.3-0.5 mg per 12
ounces, which makes such products quantitatively important sources of fluoride.

TABLE 8-1 Dietary Fluoride Supplementation Schedule Recommended by the
American Dental Association and the American Academy of Pediatrics
Age Group, yr Drinking-Water Fluoride Concentration, mg/L

<0.3 0.3-0.7 >0.7
Recommended amounta from birth
to 2

0.25 0 0

Recommended amount from 2 to 3 0.50 0.25 0
Recommended amount from 3 to 13 1.0 0.50 0

a Values are given in milligrams of fluoride per day (2.2 mg of NaF and 1.0 mg of fluoride).

Those considerations and others, such as use of certain home-water
purification systems that might remove fluoride and consumption of bottled
water that might have fluoride concentrations above or below the optimal range,
lead to the conclusion that reasonably accurate estimates of total daily fluoride
intake are no longer as simple and straightforward as they were when the only
important source of fluoride was water. Investigators seeking to examine the
possible relation between fluoride intake and health outcomes, such as dental
caries, fluorosis, or quality of bone, need to be aware of the complex situation
that exists today. It is no longer feasible to estimate with reasonable accuracy
the level of fluoride exposure simply on the basis of concentration in drinking
water supply.

FLUORIDE ABSORPTION

Approximately 75-90% of the fluoride ingested each day is absorbed from
the alimentary tract. The half-time for absorption is approximately
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30 minutes, so peak plasma concentrations usually occur within 30-60 minutes.
Absorption across the oral mucosa is limited and probably accounts for less
than 1% of the daily intake. Absorption from the stomach occurs readily and is
inversely related to the pH of the gastric contents (Whitford and Pashley, 1984).
Most of the fluoride that enters the intestine will be absorbed rapidly. It was
generally believed that fluoride excreted in the feces was never absorbed,
although several studies with rats (G.M. Whitford, Medical College of Georgia,
Augusta, unpublished data, 1992) indicate that a diet high in calcium or
parenteral administration of fluoride can result in fecal fluoride excretion rates
that exceed fluoride intake. High concentrations of dietary calcium and other
cations that form insoluble complexes with fluoride can reduce fluoride
absorption from the gastrointestinal tract.

The mechanism of fluoride absorption has received considerable research
attention and has led to the conclusion that diffusion is the underlying process.
Absorption across the oral and gastric mucosae is strongly pH-dependent. That
finding is consistent with the hypothesis that hydrofluoric acid (pKa = 3.4) is
the permeating moiety. Results from studies with rats indicate that fluoride
absorption across the intestinal mucosa is not pH-dependent (Nopakun and
Messer, 1989).

FLUORIDE IN PLASMA

There are two general forms of fluoride in human plasma. The ionic form
is the one of interest in dentistry, medicine, and public health. Ionic fluoride is
detectable by the ion-specific electrode. It is not bound to proteins or other
components of plasma or to soft tissues. The other form consists of several fat-
soluble organic fluorocompounds. These can be contaminants derived from
food processing and packaging. Perfluorooctanoic acid (octanoic acid fully
substituted with fluoride) has been identified as one of the fluorocompounds
(Guy, 1979). The biological fate and importance of the organic
fluorocompounds remains largely unknown. The extent to which the fluorine in
these compounds is exchangeable with the ionic fluoride pool has not been
determined. The concentration of ionic fluoride in soft and hard tissues is
directly related to the amount of ionic fluoride intake, but that of the
fluorocompounds is not. Neither form is homeostatically controlled (Guy, 1979;
Whitford and Williams, 1986).
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Provided that water is the major source of fluoride intake, fasting plasma
fluoride concentrations of healthy young or middle-aged adults expressed as
micromoles per liter are roughly equal to the fluoride concentrations in drinking
water expressed as milligrams per liter. Plasma fluoride concentrations,
however, tend to increase slowly over the years until the sixth or seventh decade
of life when they, like fluoride concentrations in bone, tend to increase more
rapidly. The reason for that change is uncertain but might be due to declining
renal function or increasing resorption of bone crystals with low fluoride
concentrations (leaving an increased density of crystals with high fluoride
concentrations). Cord-blood plasma concentrations are 75-80% as high as
maternal plasma concentrations, indicating that fluoride freely crosses the
placenta (Shen and Taves, 1974). The balance of fluoride in the neonate can be
positive or negative during the early months of life, depending on whether
intake is sufficient to maintain the plasma concentration that existed at the time
of birth (Ekstrand et al., 1984).

TISSUE DISTRIBUTION

As indicated by the results of short-term 18F isotope studies with rats, a
steady-state distribution exists between the fluoride concentrations in plasma or
extracellular fluid and the intracellular fluid of most soft tissues (Whitford et al.,
1979). Intracellular fluoride concentrations are lower, but they change
proportionately and simultaneously with those of plasma. With the exception of
the kidney, which concentrates fluoride within the renal tubules, tissue-to-
plasma (T/P) fluoride ratios are less than 1.0. In those cases in which the T/P
ratio exceeds unity, as might occur in the aorta or the placenta near term,
ectopic calcification should be suspected. Most of the published data on soft-
tissue concentrations in humans were obtained with analytical methods that
were insensitive and nonspecific or that had excessively high blanks. Further
work is needed using modern analytical techniques, such as the ion-specific
electrode after isolation of fluoride with the hexamethyldisiloxane-facilitated
diffusion method of Taves (1968) and modified by Whitford (1989).
Venkateswarlu (1990) described and compared the merits of a variety of
analytical methods for the determination of fluoride.

The fluoride concentrations of several of the specialized body fluids,
including gingival crevicular fluid, ductal saliva, bile, and urine, are also
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related to those of plasma in a steady-state manner. The fluoride concentrations
of breast milk and cerebrospinal fluid tend to be related to those of plasma, but
they respond slowly to changes in plasma fluoride concentrations (Spak et al.,
1983).

The mechanism underlying the transmembrane migration of fluoride
appears to be the diffusion equilibrium of hydrogen fluoride (Whitford, 1989).
Thus, factors that change the magnitude of transmembrane or transepithelial pH
gradients will affect the tissue distribution of fluoride accordingly. In general,
epithelia and cell membranes of most tissues appear to be essentially
impermeable to the fluoride ion, which is charged and has a large hydrated
radius.

Approximately 99% of the body burden of fluoride is associated with
calcified tissues. Of the fluoride absorbed by the young or middle-aged adult
each day, approximately 50% will be associated with calcified tissues within 24
hours and the remainder will be excreted in urine. This 50:50 distribution is
shifted strongly in favor of greater retention in the very young. Increased
retention is due to the large surface area provided by numerous and loosely
organized developing bone crystallites, which increase the clearance rate of
fluoride from plasma by the skeleton (Whitford, 1989). Accordingly, the peak
plasma fluoride concentrations and the areas under the time-plasma
concentration curves are directly related to age during the period of skeletal
development. Due to decreased accretion and increased resorption of bone, the
50:50 distribution is probably shifted in favor of greater excretion in the later
years of life, but less is known about that.

Fluoride is strongly but not irreversibly bound to apatite and other calcium
phosphate compounds that might be present in calcified tissues. In the short
term, fluoride might be mobilized from the hydration shells and the surfaces of
bone crystallites (and presumably dentin and developing enamel crystallites) by
isoionic or heteroionic exchange. In the long term, the ion is mobilized by the
normal process of bone remodeling. Waterhouse et al. (1980) reported that
human serum fluoride concentrations were increased following administration
of Parathormone and decreased by administration of calcitonin.

FLUORIDE EXCRETION

Elimination of absorbed fluoride from the body occurs almost ex
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clusively via the kidneys. As noted above, about 10-25% of the daily intake of
fluoride is not absorbed and remains to be excreted in feces. Data from the
1940s indicated that the amount of fluoride excreted in sweat could nearly equal
urinary fluoride excretion under hot moist conditions (McClure et al., 1945).
More recent data obtained with modern analytical techniques (G.M. Whitford,
Medical College of Georgia, Augusta, unpublished data, 1992), however,
indicate that sweat fluoride concentrations are very low and similar to those of
plasma (about 1-3 μmol/L). Therefore, sweat is probably a quantitatively minor
route for fluoride excretion under even extreme environmental conditions.

The clearance rate of fluoride from plasma is essentially equal to the sum
of the clearances by calcified tissues and kidneys. The renal clearances of
chloride, iodide, and bromide in healthy young or middle-aged adults are
typically less than 1.0 mL per minute, but the renal clearance of fluoride is
approximately 35 mL per minute (Waterhouse et al., 1980; Cowell and Taylor,
1981; Schiffl and Binswanger, 1982). Little is known about the renal handling
of fluoride by infants, young children, and the elderly. A 600-day longitudinal
study of fluoride pharmacokinetics that began with weanling dogs, however,
indicated that the renal clearance of fluoride factored by body weight (milliliter
per minute per kilogram) was independent of age (Whitford, 1989). Inpatients
with compromised renal function where the glomerular filtration rate falls to
30% of normal on a chronic basis, fluoride excretion might decline sufficiently
to result in increased soft- and hard-tissue fluoride concentrations (Schiffl and
Binswanger, 1980). Renal handling, tissue concentrations, and effects of
fluoride in renal patients are subjects in need of further research.

Fluoride is freely filtered through the glomerular capillaries and undergoes
tubular reabsorption in varying degrees. There is no evidence for net tubular
secretion or a tubular transport maximum of the ion. The renal clearance of
fluoride is directly related to urinary pH (Whitford et al., 1976) and, under some
conditions, to urinary flow rate (Chen et al., 1956). Recent data from stop-flow
studies with dogs indicate that fluoride reabsorption is greatest from the distal
nephron, the site where the tubular fluid is acidified (Whitford and Pashley,
1991). As in the cases of gastric absorption and transmembrane migration, the
mechanism for the tubular reabsorption of fluoride appears to be the diffusion
of hydrogen fluoride. Thus, factors that affect urinary pH such as diet, drugs,
metabolic or respiratory disorders, and altitude of residence, have been
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shown or can be expected to affect the extent to which absorbed fluoride is
retained in the body (Whitford, 1989).

RECOMMENDATIONS

Further research is needed in the following areas:

•   Determine and compare the intake of fluoride from all sources,
including fluoride-containing dental products, in fluoridated and
nonfluoridated communities. That information would improve our
understanding of trends in dental caries, dental fluorosis, and possibly
other disorders or diseases.

•   Determine the effects of factors that affect human acid-base balance
and urinary pH on the metabolic characteristics, balance, and tissue
concentrations of fluoride.

•   Determine the metabolic characteristics of fluoride in infants, young
children, and the elderly.

•   Determine prospectively the metabolic characteristics of fluoride in
patients with progressive renal disease.

•   Using preparative and analytical methods now available, determine
soft-tissue fluoride concentrations and their relation to plasma fluoride
concentrations. Consider the relation of tissue concentrations to
variables of interest, including past fluoride exposure and age.

•   Identify the compounds that compose the "organic fluoride pool" in
human plasma and determine their sources, metabolic characteristics,
fate, and biological importance.
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Appendix 1

Criteria for Dean's Index, TF Index, and
TSIF
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TABLE A-1 Criteria for Dean's Fluorosis Index

Diagnosis Criteria
Normal The enamel represents the usually translucent semivitriform type of

structure. The surface is smooth, glossy, and usually a pale creamy
white color.

Questionable The enamel discloses slight aberrations from the translucency of
normal enamel, ranging from a few white flecks to occasional white
spots. This classification is utilized in those instances where a
definite diagnosis of the mildest form of fluorosis is not warranted
and a classification of "normal" is not justified.

Very mild Small, opaque, paper white area scattered irregularly over the tooth
but not involving as much as approximately 25% of the tooth
surface. Frequently included in this classification are teeth showing
no more than about 1-2 mm of white opacity at the tip of the
summit of the cusps of the bicuspids or second molars.

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

Severe Includes teeth formerly classified as "moderately severe and
severe." All enamel surfaces are affected and hypoplasia is so
marked that the general form of the tooth may be altered. The major
diagnostic sign of this classification is the discrete or confluent
pitting. Brown stains are widespread and teeth often present a
corroded appearance.

Source: Dean, 1942. Reprinted with permission; copyright 1942, American Association for the
Advancement of Science.
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TABLE A-2 Clinical Criteria and Scoring System for the Tooth Surface Index of
Fluorosis
Score Criteria
0 Enamel shows no evidence of fluorosis.
1 Enamel shows definite evidence of fluorosis, namely, areas with parchment-

white color that total less than one-third of the visible enamel surface. This
category includes fluorosis confined only to incisal edges of anterior teeth
and cusp tips of posterior teeth ("snowcapping").

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

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

fluorosis. Staining is defined as an area of definite discoloration that may
range from light to very dark brown.

5 Discrete pitting of the enamel exists, unaccompanied by evidence of
staining of intact enamel. A pit is defined as a definite physical defect in
the enamel surface with a rough floor that is surrounded by a wall of intact
enamel. The pitted area is usually stained or differs in color from the
surrounding enamel.

6 Both discrete pitting and staining of the intact enamel exist.
7 Confluent pitting of the enamel surface exists. Large areas of enamel may

be missing and the anatomy of the tooth may be altered. Dark-brown stain
is usually present.

Source: Horowitz et al., 1984. Reprinted with permission; copyright 1984, American Dental
Association.
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TABLE A-3 Clinical Criteria and Scoring for the TF Index

Score Criteria
0 Normal translucency of enamel remains after prolonged air-drying.
1 Narrow white lines corresponding to the perikymata.
2 Smooth surfaces: More pronounced lines of opacity that follow the

perikymata. Occasionally confluence of adjacent lines. Occlusal surfaces:
Scattered areas of opacity < 2 mm in diameter and pronounced opacity of
cuspal ridges.

3 Smooth surfaces: Merging and irregular cloudy areas of opacity.
Accentuated drawing of perikymata often visible between opacities.
Occlusal surfaces: Confluent areas of marked opacity. Worn areas appear
almost normal but usually circumscribed by a rim of opaque enamel.

4 Smooth surfaces: The entire surface exhibits marked opacity or appears
chalky white. Parts of surface exposed to attrition appear less affected.
Occlusal surfaces: Entire surface exhibits marked opacity. Attrition  is
often pronounced shortly after eruption.

5 Smooth surfaces 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 82 mm in
vertical extension. Occlusal surfaces: Confluent areas < 3 mm in diameter
exhibit loss of enamel. Marked attrition.

7 Smooth surfaces: Loss of outermost enamel in irregular areas involving <
1/2 of entire surface. Occlusal surfaces: Changes in the morphology caused
by merging pits and marked attrition.

8 Smooth and occlusal surfaces: Loss of outermost enamel involving > 1/2 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 from Community Dentistry and
Oral Epidemiology; copyright 1978.
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