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REVIEW OF FLUORIDE BENEFITS AND RISKS

ABSTRACT

This report is a comprehensive review and evaluation of the public health benefits and risks of fluoride
in drinking water and other sources, It was prompted by a study of the National Toxicology Program
which found "equivocal evidence" of carcinogenicity based on the occurrence of a small number of
malignant bone tumors (osteosarcomas) in male rats.

Extensive studies over the past SO years have established that individuals whose drinking water is
fluoridated have fewer dental caries. Although the comparative degree of measurable benefit has been
reduced recently as other fluoride sources have become available, the benefits of water fluoridation are
still clearly evident. ‘

Both animal studies and human epidemiology studies are used to identify potential hazards. Taken
together, the only two methodologically acceptable animal studies available at this time fail to
establish an association between fluoride and cancer. In humans, optimal fluoridation of drinking
water does not pose a detectable cancer risk as evidenced by extensive human epidemiological data
reported to date, including new epidemiological studies prepared for this report. No trends in cancer
risk, including the risk of osteosarcoma, were attributed to the introduction and duration of water
fluoridation.

By comparison with the 1940s, the total prevalence of dental fluorosis (mottling of the tooth enamel,
ranging from whitish areas to pitting of the enamel) has increased in non-fluoridated areas and may
have increased in optimally fluoridated areas. Increases in the prevalence of dental fluorosis in a
population signify that total fluoride exposures from a variety of sources are increasing and may be
more than necessary to prevent dental caries. Since the addition of fluoride to drinking water
beginning in the 1940s, other sources of fluoride have become available, including toothpastes,
mouthrinses, and fluoride dietary supplements. Beverages and foods are also sources of fluoride.

There is no indication that chronic low level fluoride exposure of normal individuals presents a
problem in other organ systems, such as the gastrointestinal, the genitourinary and the respiratory
systems. It is also not associated with birth defects or Down Syndrome. Crippling skeletal fluorosis is
not a public health problem in the U.S. Further studies are required on the genotoxicity and
reproductive toxicity of fluoride and on whether or not there is an association between various levels
of fluoride in drinking water and bone fractures.

This report recommends the continued use of fluoride to prevent dental caries and the continued
support for optimal fluoridation of drinking water. It also recommends scientific conferences to
determine an optimal level of fluoride exposure from all sources combined, not only from drinking
water. In accordance with prudent health practice of using no more than the amount necessary to
achieve a desired effect, the report recommends specific ways to avoid excessive and inappropriate
fluoride exposure. In addition to many research recommendations, there are a variety of
recommendations for Federal, State and local agencies, health professionals, communities,
manufacturers and parents.



PREFACE

In the early part of this century, researchers observed that people with mottled teeth, or dental
fluorosis, had fewer cavities than people without mottled teeth, Naturally occurring fluoride in the
drinking water later was identified as being responsible for these effects on tooth enamel. Later,
community studies conducted in the 1940s established that, as the level of natural fluoride in the
drinking water increased, the level of dental caries declined. These studies led to the public health
practice of adding fluoride to fluoride deficient drinking water in order to bring the total level of
fluoride to- approximately 1 part per million. This optimal level was designed to gain the benefits of
reduced dental caries and to minimize the risk of dental fluorosis. The U.S. Public Health Service has
supported and continues to support optimal fluoridation of drinking water.

Water fluoridation has not been without opposition, with those opposed to fluoridation arguing
primarily on the grounds of personal choice and the possibility of adverse health effects. The
controversy escalated in 1975 when antifluoridationists claimed higher cancer mortality rates in
fluoridated than in non-fluoridated areas. Although this claim was refuted subsequently by other
investigators, the concern over a possible association between cancer and water fluoridation prompted
the National Toxicology Program (NTP) of the U.S. Public Health Service (PHS) to conduct a long
term study to determine the toxicity and carcinogenicity of sodium fluoride in rodents.

The NTP conducts a standard rat and mouse carcinogenicity study, similar to studies previously
performed by the National Cancer Institute (NCI), that have been useful in evaluating the potential
carcinogenicity or toxicity of numerous chemicals. These studies serve to identify potential hazards.
The NTP and NCI studies have evaluated nearly 400 chemicals for potential chronic toxicity and
carcinogenicity. The conduct and conclusions of these studies are routinely reviewed by an
independent panel of experts.

In a review of the results of these studies, Haseman et al. (1987) noted that, of 1,237 sex-species
studies (considering each sex/species combination as a separate experiment), 31 percent were
considered positive for carcinogenicity, 57 percent were negative, 8 percent showed equivocal results,
and 4 percent were judged inadequaté for evaluation. The category of "equivocal evidence" was
introduced by NTP in 1983 to describe results of studies in which an association between
administration of a chemical and a particular tumor response was uncertain.

The NTP study of sodium fluoride found "equivocal evidence" of carcinogenicity based on a small
number of rare bone tumors (osteosarcomas) in male rats and no evidence of carcinogenic activity of
sodium fluoride in female rats or in mice of either sex (DHHS, 1990). The NTP report of the study
on sodium fluoride was peer reviewed in April of 1990,

The Assistant Secretary for Health, Dr. James O. Mason, responded to the findings of the NTP study
by requesting a thorough review of the benefits and risks of water fluoridation and other sources of
fluorides. In his role as Chairman, Dr. Mason asked the PHS Committee to Coordinate Environmental
Health and Related Programs (CCEHRP) to conduct this review (Appendix A). CCEHRP is
comprised of all PHS agencies with having responsibility for environmental health programs in
research, in technical assistance to State and local health agencies, in health care or in regulation.
These agencies include: the Agency for Toxic Substances and Disease Registry; the Alcohol, Drug
Abuse and Mental Health Administration; the Centers for Disease Control; the Food and Drug
Administration; the Health Resources and Services Administration; the Indian Health Service; and the
National Institutes of Health. The Food and Drug Administration (FDA) regulates fluoride in
toothpaste, in other dental products such as composite fillings and dental cements, in bottled water, in
water used in food processing, in infant formula, and in dietary supplements (among other fluoride
uses), but the FDA does not regulate fluoride in drinking water.
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The regulation of fluoride in drinking water is the responsibility of the U.S. Environmental Protection
Agency. Under the Safe Drinking Water Act of 1974 (Public Law 93-523), the EPA sets primary and
secondary maximum contaminant levels for natural levels of fluoride in drinking water. The primary
maximum contaminant level of 4 milligrams/liter is the fluoride level that the drinking water is not
allowed to exceed and the level that is legally enforceable; whereas, the secondary maximum
contaminant level of 2 milligrams/liter is the fluoride level that EPA recommends drinking water not
exceed, but this level is not enforceable.

This report of the benefits and risks of fluoride was prepared by a specially created subcommittee of
CCEHRP, the Ad Hoc Subcommittee on Fluoride. The Subcommittee performed an extensive
examination of the worldwide biomedical literature on fluorides and health. To ensure public input, an
announcement was published in the Federal Register on March 1, 1990, soliciting peer reviewed
published articles on fluorides. A total of 24 individuals submitted over 100 articles to the
Subcommittee. Additionally, the Subcommittee evaluated several new PHS reports, which were
prepared at the request of the Assistant Secretary for Health. One of these new reports (Appendix D)
is a review of an industry sponsored study of sodium fluoride’s long term toxicity and carcinogenicity
in rodents. Appendices E and F are new human epidemiological studies of cancer incidence and
mortality in relation to pattemns of water fluoridation.

The Ad Hoc Subcommittee on Fluoride prepared this report by dividing into three workgroups: one
that addressed fluoride’s benefits, another that addressed fluoride’s risks, and a third workgroup that
synthesized the reports of the other two into the final document. The report of the Ad-Hoc Committee
was approved by CCEHRP. ‘
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CONTENTS

Physical and Chemical Properties of Fluorides . . . e
Metabolism of Fluoride .................. P e R
Fluoride Absorption .. ........ ... ..
Mucosal and Enteral Absorption .. ...ttt
Inhalation Absogption . ., e e
Dermal Absorption . ................ it
Fluoride Distribution ........... ... ..t
Fluoride EXCretion ... ...... .. it
Biotransformation of Fluoride ...............................
Mechanisms of Action . .............oiiuiiiinn ..,
Preventive and Therapeutic Mechanisms .. ..................

Toxic MechaniSms . ........ ...t

Fluoride in Drinking Water and Beverages . ....................

Fluoride in Food Sources . ........... ..o,

Dental Products Containing Fluoride ..........................

Ambient Air Levelsof Fluoride .............................

Summary of Total Huran Fluoride Intake .. ....................
HEALTH BENEFIT ASSESSMENT OF FLUORIDE . ..................
Dental Caries .. ...ttt i e
History: "Mottled Enamel” and Drinking Water .. ...............

Association Between Mottled Enamel and Dental Caries
and Dose-Response Effect . .............. ... ... ... ... ....

Distribution of Fluoridated Water .. ............. .00,

—

(= N R > T - S S S S T O T O B N1

N

o0 00 00



Scoring the Occurrence of Caries ............. .. ...t
Replication of the Early Findings - .. .......... ... . oL,
Exclusion of Altemnative Explanations .........................

Socioeconomic and Racial Differences ...... ...,

Biological Plausibility ............ ... ... i i
Trends Over Time . .. .o ittt i i it e ittt et ee e e

Disappearance of the Effect When the Cause Is Removed ...........

The Cost of Fluoride Modalities in Public Health Programs .. ... e

SUMMATY .. . e e e e

HEALTH RISK ASSESSMENT OF FLUORIDE .......................

Introduction .......... e e e e e e e e e e e
Studies Investigating Bone and Other Skeletal Effects ................

Animal StudIes . ... . . e e e e e

-vi-

20
20
26
28
29
30
32
34
35
35
38
40
42
43
43
43
43
45
45
48
48
48
48
50
50
51



Trends in Prevalence of Dental Fluorosis
1980 and 1985 Comparison With the TSIF Index
Comparison Between Dental Fluorosis Levels Found

During the 1940s and 1980s as Measured by Dean’s
Fluorosis Index
Compatrison Between Dental fluorosis Levels Found During
the 1940s and 1980s in Cities With Similar Fluorosis
Content--Measured by Dean’s Fluorosis Index

Risk Factors Associated with Human Dental Fluorosis

Metabolic Factors

Use of Fluoride Containing Products or Simultaneous Use
of Multiple Fluoride Products

Studies Investigating the Effects of Fluoride on the
Gastrointestinal System

Animal Studies

Studies Investigating the Effects of Fluoride on the
Reproductive System

Impairment of Fertility
Animal Studies

Human Studies

SUMMArY ..o e e e
Teratologic and Developmental Effects  ........ ... ... .. .. .....
Animal Studies . ... .. .. e

Human Studies . ... ... i e e e e

......................

.................................

............

..........................

............................................

........................................

............................................

...................................

....................................

52
52

55

57
59
59

59
62
62
63
63
65

65
65
66
66

66
66
66
67
67

67

67
68



|

SUMMATY + oot vttt eett i et e s n e en e e naae e
Studies Investigating the Hypersensitivity and Immunologic
Effects of Fluoride ...........cooiniiniininn
Studies Investigating the Genotoxic Effects of Fluoride ...............
Proposed MechaniSms . ........oueiee i
SUMMAIY ..ottt ittt inniie e eme e s
Studies Investigating Carcinogenicity of Fluoride ...................
Animal StAIES . . v i v it e
NTP StUAY o ivviee it iii it iiie et ee s
Procter and Gamble Study ... e
Summary ..... et ettt ae et e
Epidemiologic Studies | ....... ... i
Additional Studies Completed Since the Knox Report  ..........
National Cancer Institute Study (1990) .......... .. ... .. ...
Additional NCI Evaluation of Osteosarcoma Incidence Data .. ....
The Epidemiology and Etiology of Osteosarcoma .............
SUMMATY .ot e vttt i i ie s iemanan s e
FINDINGS AND CONCLUSIONS . ... e
FINdINGS .0t oo it ettt et e e
Assessment of Fluoride Exposure . ....... ... i
Assessment of the Health Benefits of Fluoride ...................
Assessment of the Health Risks of Fluoride . ....................
071 1773 o P DU
Dental FIUOTOSIS v vt cv i i i it it e i e e e st cimeeens
Bone FTACIIIES . . it v it i a et e ie it ee e
Other EffectS . . vv v vttt i e i et it e
CONCIUSIONS  « vt e e ettt et e it m ettt

-viii-

69

69
70
70
71
71
71
71
74
76
76
78
79
81
82
82
84
84
84
84
84
84
86
87
87

87



RECOMMENDATIONS ..... e e enr et
Policy Recommendaﬁon§ ....................................
Research Recommendations .. ........ouitiniiienrenneenn

Research on the Benefits of Fluoride .. ............... ... . ...
Research on the Risks of Fluoride ............ ... ... ... ...

REFERENCES ............. e e e

APPENDICES
Assistant Secretary of Health Request . ......... ... . oo,
Dental Fluorosis Classififation . ........... oo iiieiennn.
Surveys of Dental Fluorosis Prevalence, 1939-1987 . .................

Center for Drug Evaluation and Research/FDA -
Cancer Assessment Committee Report 90-06 ............. PN

Fluoridation of Drinking Water and Subsequcnt
Cancer Incidence Mortality .. .. ..o vt v vt i iiiiniin e eennan

Time Trends for Bone and Joint Cancers and
Osteosarcomas in the SEER Program .. ....... ... .. ... ...

OSIEOSATCOMA & & v v vt e v vt e ettt e e s anenansonocennonanenaenes
Genotoxicity of Fluoride . . ... .o

ACKNOWLEDGMENTS

~ix-

90
90
91
91
91
92



FIGURE
NUMBER

FIGURES

TITLE

1

10

11

Relationship between the amount of dental caries (permanent teeth)
observed in 7,257 selected 12-14 year old white school children
of 21 cities of 4 states and the fluoride content of public water
supply (Deanetal., 1942) .......... ... .. ............

Towns in the United States using naturally fluoridated water
(0.7 ppm or more of fluoride) (U.S. PHS, Division of
Dental Health, 1969) . ... ... ... ... .. ... ... .. ... ......

Availability of Fluoridated Water, by Population, United States,
1945 -1988 (CDC, 1990) . ... ..o

Average number of dmfi/DMFT per child by age in Grand Rapids
after nine years of fluoridation as compared with no
fluoridation in Muskegon, MI, 1955 (Amold et al., 1956) ......

Relation between fluoride concentration of municipal waters
and fluoride index for communities with mean annual
temperatures of approximately SO°F (Midwest) and 70°F (Arizona)
(adapted from Galagan, 1953) . ............. ... ... . ...

The relationship between caries experience (deft) in 1,038
5 year-old children living in 4 areas on N.E. England
and the fluoride concentration in their drinking water
(Rugg-Gunn, etal.,, 1981) .......... ... ... ... .........

Mean DMFS score, by age, racial/ethnic group, and
fluoridation status (Bellet al,, 1982) .. ... ................

Age specific mean DMFS in three national epidemiological
surveys, U.S. (Brunelle and Carlos, 1990) .................

Comparison of DMFT rates of ages six, seven, and eight years
according to year, Austin, MN; fluoridation started in
1952 and was discontinued in April, 1956 (Jordan, 1962) .. ....

DMEFT scores in Annan Scotland (never fluoridated) and
Stranraer (fluoridated until 1983), in 1980, 1985,
and 1988 (Attwood and Blinkhorn, 1989 and 1990) ..........

Dental caries and dental fluorosis in relation to
fluoride in public water supplies . ... ....................

-X-

19

21

23

23

24

24

29

31

33

34

51



TABLES

TABLE
NUMBER  TITLE

1 Renal clearance of fluoride and fractional renal clearance
values for healthy human adults from four studies
(Whitford, 1990) . . . .. ... e

2 Estimated population exposed to fluoride in public drinking

water at various concentration ranges (EPA,1985) ...........
3 Estimated fluoride intake from drinking water (EPA, 1985) . ......
4 Fluoride concentrations in food (Taves, 1983) ................
5 Daily fluoride intake of adults in communities with low

fluoride levels in drinking water (0.4 mg/L orless) ..........

6 Daily fluoride intakes of adults in communities with
fluoridated drinking water (approximately 1mg/L) ...........

7 Estimated fluoride ingestion during toothbrushing

8 Dietary fluoride supplement dosage schedule (mg/day)
Council on Dental Therapeutics, American Dental
Association, 1978, 1984 and the Committee on Nutrition,
American Academy of Pediatrics, 1978 .. ..... ... .. ... ...,

9 Estimate of maximum fluoride intake from diet, supplements,
and dentifrices among 2-year-old children .................

10 Summary--Estimated daily fluoride intake of children ...........
11 Summary--Daily fluoride intake of adults . . ..................
12 Estimated number of people (by country) receiving

fluoridated water as of June 1, 1989 (millions) ..............
13 Percent of children-who were caries-free, mean DMFT

and DMFS scores, and by community (Szpunar and Burt, 1988) .

14 Mean DMFS scores of children by age category and water-fluoride
level in 1980 and 1985 (Heifetz, et al., 1980) ..............

15 Studies published since 1983 of fluoride effectiveness and
selected other studies, 1979-1988 (Newbrun, 1989) . ... .... ...

16 Mean scores for decayed, missing, or filled surfaces by age
and quartile of socioeconomic status (Bell et al., 1982) ........



TABLES (continued)

TABLE
NUMBER TITLE

17 Caries experience (1976-1987) in 5 year-old children in
fluoridated (F) and non-fluoridated (NF) areas of
Northeast England in three social class group
(Carmichael etal,, 1989) . ............ ... ... ... .. ..

18 Scores for decayed, missing or filled teeth of children
in Antigo, Wisconsin, by school grade since 1960 when
fluoridation was discontinued (Lempke et al,, 1970) .........

15 Estimated Annual Cost of Fluoride Regimens Per Person
Served in Public Health Programs .. ... ..................
20 Sources of information on fluoride content of water

and dental products . ............. ... ... ... .. ... ... ..

21 Conversion table for formof fluoride ......................
22 Normal dietary levels of fluoride by selected animal species ......
23 Preclinical and clinical stages of human skeletal fluorosis

and correlation of bone ash fluoride concentration ...........

24 Percent distribution of dental fluorosis for all tooth surfaces;
by age and water fluoride level, 1980 and 1985 .. ....... .. ..

25 Year of birth, fluoride intake period, year of examination,
age cohort, and number of individuals examined --
by water fluoride level .. ............................

26 Percent prevalence of dental fluorosis in cities surveyed
30 to 40 years apart, as measured by Dean’s Index .. .. .......

27 Percent Prevalence of Dental Fluorosis by Clinical
Classification and Concentration of Water Fluoride
from Dean’s 1940 21-City Survey and 1980’s Surveys

UsingDean’sIndex . ...............................
28 Approximate dose received by male and female rats

and mice during the NTP study ........................
29 Fluoride Concentrations in Bone Ash (ugF/mgash) ............
30 Fluoride Concentrations in Bone Ash (ug F/mgash) ............
31 Observed to expect incidence ratios and observed numbers

of cases (N) for bone and joint cancers and osteosarcomas,
by duration of fluoridation for counties in the Iowa and
Seattle SEER Registries, 1973-1987 .. ...................

-Xii-




INTRODUCTION

This report is a comprehensive review and evaluation of the public health benefits and risks of
fluorides from drinking water and other sources. Fluoride was added first to public drinking water in
the 1940s to prevent tooth decay. While controversy at times has surrounded community water
fluoridation, over half of the U.S. population now is served by fluoridated drinking water that is
naturally occurring or adjusted. Since the 1950s, fluorides have been incorporated into toothpaste,
other dental products, and dietary supplements.

The Assistant Secretary for Health, Dr. James O. Mason, requested analysis of the risks and benefits of
fluorides upon the receipt of the preliminary results of a study in which animals were given sodium
fluoride in the drinking water. The study, conducted by the National Toxicology Program (NTP), a
research and testing program within the U.S. Public Health Service (PHS), found a small number of

_malignant bone tumors (osteosarcomas) in male rats. The NTP study concluded that there was
"equivocal” evidence of carcinogenic activity in male rats (DHHS, 1990). "Equivocal” evidence is one
of five standard categories that afe employed in NTP studies to describe the strength of the evidence
of individual experiments. According to NTP’s standard definition, "equivocal evidence of
carcinogenicity is demonstrated by studies that are interpreted as showing a marginal increase of
neoplasms that may be chemically related.” The NTP independent peer review panel which evaluated
the study requested the addition of a statement that further defined the term "equivocal evidence” of
carcinogenicity as a category "for uncertain findings (emphasis added) demonstrated by studies that are
interpreted as showing a marginal increase in neoplasms that may be chemically related” (DHHS,
1990). The NTP study found no evidence of carcinogenic activity of sodium fluoride in female rats,
or in mice of either sex.

Animal studies conducted at a range of dose levels, often at doses that are the maximum which can be
tolerated, are used to identify potential hazards to human health. The identification of a potential
hazard from animal studies, which is one of the first steps in assessing a health risk to humans, does
not necessarily mean that there is a risk to humans. Further steps are taken to determine potential
human risks. Human epidemiological studies can help to determine if a hazard to humans exists. The
results of epidemiological studies are then analyzed in combination with information from animal
studies, dose-response relationships, and patterns of human exposure in order to characterize the
magnitude of the risk to humans. This process of characterizing human risk--the likely harm to human
health--is called risk assessment.

This report qualitatively assesses fluoride’s benefits as well as fluoride’s risks. The report analyzes the
findings of the NTP study of sodium fluoride and the findings from human and animal studies
published in the biomedical literature on both the benefits and the risks of fluoride.

The Assistant Secretary for Health directed the Public Health Service agencies to thoroughly examine
any possible association between fluoride and cancer. The U.S. Food and Drug Administration (FDA)
conducted a thorough review of a methodologically acceptable chronic bioassay in animals, a study
sponsored by the Procter and Gamble Company. The National Cancer Institute (NCI) performed new
epidemiological studies to update and expand a previous study published in 1976 which did not find a
relationship between water fluoridation and human cancer mortality rates.

-1-



PROPERTIES, METABOLISM AND SOURCES OF FLUORIDE
PHYSICAL AND CHEMICAL PROPERTIES OF FLUORIDE

Fluoride, the 13th most abundant element is distributed widely throughout the earth (Finger, 1961). At
standard temperature and pressure, fluorine is a pale, yellow gas with an atomic number of 9 and an
atomic weight of 18.9984. Fluorine is classified as a halogen, one of the elements that makes up
Group VII A of the Periodic Table of Elements. The halogens consist of fluorine, chlorine, bromine,
iodine, and astatine; all are electromotive elements that normally exist in the free state as diatomic
molecules. As electromotive elements, the halogens can react with less electromotive elements or
chemical groups to form a wide variety of inorganic and organic halogenated compounds.

Fluoride compounds are formed when the element fluoride combines with other chemical elements.
Fluoride does not occur in a free state in nature; it occurs only in combination with other elements.

One might assume that the biochemical properties of fluorides would be similar to those of other
halogenated compounds. This assumption, however, is only partially correct. Like other halogens,
inorganic fluorides dissociate in aqueous solution to release the monovalent fluoride anion (F-), along
with its associated cation. Fluoride, however has many unique chemical properties that impart special
biochemical physiological properties to the fluorides and thus affect its metabolism and mechanisms of
action within the body.

In addition to the chemical properties, the isotopic nature of fluorine has had an important impact on
our understanding of the metabolism, toxicity, and therapeutic effects of fluoride. The only naturally
occurring isotope is 19-F, which has an extremely short half-life (Leech, 1956; Sharpe, 1961). The
longest lived isotope, prepared by nuclear reaction, is 18-F; it has a half-life of 1.87 hours. Even this
isotope, however, is too short-lived to be of any practical use in long-term fluoride studies.

METABOLISM OF FLUORIDE

Kinetic processes are those that describe the absorption, distribution, biotransformation, biochemical
interactions, and excretion of chemicals in the body. Dynamic processes are those that describe the
parameters of receptor binding and specific biochemical and physiological actions. When these
processes relate to therapeutic blood levels, they are characterized generally as pharmacokinetics and
pharmacodynamics. When such processes are related to blood levels that produce adverse or
detrimental effects, they generally are referred to as toxicokinetics and toxicodynamics. For this
review, fluoride "metabolism" is considered to be the sum of the processes by which fluorides are
handled in the living body. Such processes include the absorption, distribution, biotransformation,
chemical interaction, and excretion of fluoride-containing compounds. Where appropriate, we discuss
the biochemical and physiological actions of fluorides.

During the last 60 years, fluorides have been studied widely in biological systems. In many of the
earlier studies, deficiencies, combined with the inability to measure fluorides accurately, led to a
number of misunderstandings and faulty premises about fluoride metabolism. Today, however, the
basic mechanics of fluoride absorption, distribution, biotransformation, and excretion are fairly well
understood, and the basic mechanisms underlying many of fluorides’ actions in the body are known.

FLUORIDE ABSORPTION

Fluoride absorption is measured according to the various paths of administration relevant to chronic
exposure--mucosal and enteral, inhalational, and dermal.



Mucosal and Enteral Absorption

A number of studies both in animals and humans, have shown that ingested fluoride is absorbed
rapidly and readily from the gastrointestinal tract. The absorption of soluble fluoride salts in humans
has been assayed both by measurement of fluoride disappearance from the gastrointestinal lumen and
by measurement of peak fluoride plasma levels after ingestion (McClure et al., 1945; Carlson et al.,
1960a; Ekstrand et al., 1977, 1980, 1983; Spencer et al., 1981; Whitford and Pashley, 1984). Results
of these studies have shown that fluoride absorption is both rapid and extensive, with peak fluoride
plasma levels achieved within 30 to 60 minutes after ingestion and absorption ranging from 90 to
almost 100 percent of the administered dose, depending on the form and method of administration.

The currently accepted theory on fluoride absorption is that inorganic fluoride in the form of the
undissociated molecule, hydrofluoric acid (HF), is absorbed by rapid passive diffusion along the entire
gastrointestinal tract, without any apparent active transport mechanisms being involved (Singer and
Ophaug, 1982; Barbakow, 1983; Whitford and Pashley, 1984). Results of numerous in vitro and in
situ animal studies have shown that the undissociated molecule, hydrogen fluoride (HF) is the principal
permeating moiety in a number of cellular membranes and epithelia (Barbakow, 1983; Whitford and
Pashley, 1984). Ionic fluoride (F-)'has been shown to be virtually incapable of such penetration,
having a transmembrane permeability coefficient more than 10%-fold less than that for HF (Gutknecht
and Walter, 1981), purportedly because of its ionic charge and large hydrated radius (Whitford and
Williams, 1986). These findings have been supported by the results of in vivo animal studies that
have shown that fluoride absorption is augmented when gastrointestinal pH levels are maintained
below the pK, for HF, 3.45. At the pK,, 50 percent is nonionized and available for absorption. The
nonionized fraction is decreased significantly at much higher pH levels at which the ionized form of
fluoride is more prevalent (Whitford and Pashley, 1984).

Since soluble ionic fluorides dissociate to release free F in solution and protonate to form HF in the
acid milieu of the gastrointestinal tract, all should be absorbed readily in the stomach, since this is the
most acidic portion of the gastrointestinal tract. As previously indicated, this accepted theory has been
demonstrated in a number of human and animal studies. Moreover, since this uptake is thought to be
a purely passive diffusion process, the only factors that should influence it are those that affect either
the transmembrane pH or the HF concentration gradients (Whitford et al., 1979; Ekstrand et al., 1980).
Alteration of the transmembrane pH gradient has been shown to affect the uptake of fluoride. In
addition, the fluoride concentration, the solubility of the fluoride salt, and the stomach contents at the
time of fluoride intake, all factors that would affect the transmembrane HF concentration gradient,
have also been shown to effect fluoride gastrointestinal absorption (Barbakow, 1983). Several studies
have reported inconsistent results regarding the effects of various metal ions on the gastrointestinal
absorption of fluoride (Spencer et al.; 1980, 1981); aluminum consistently has been demonstrated to
form fluoride complexes and thus drastically reduce its gastrointestinal absorption (Spencer and
Lender, 1979; Spencer et al., 1980, 1981; Elsair, 1980).

Oral absorption of fluoride salts is considered to be controlled by the mechanisms discussed
previously; the fluoride dentifrice sodium monofluorophosphate (MFP) which is not an ionic form of
fluoride, is bonded covalently to phosphorus. MFP is hydrolyzed readily by phosphatases secreted
from the gastric acid mucosa (Ericsson, 1983; Whitford et al., 1983). Once hydrolyzed, free F is
released into the gastric milieu, where it is absorbed as HF by passive diffusion, independent of the
parent MFP molecule.

Fluoride absorbed via the oral mucosa makes an insignificant relative contribution to plasma fluoride
levels. Oral clearance as a result of salivation and swallowing causes orally retained fluorides to be
ingested, and fluoride is ionized at the nearly neutral pH of the oral cavity. Where acidic products are
employed (e.g., acidulated phospho-fluoride gel), the potential for direct mucosal absorption increases,
but is insignificant relative to fluoride that is swallowed.
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Inhalational Absorption

Because of the limited ability of most of the inorganic fluorides to vaporize, investigations of the
airborne absorption of inorganic fluorides have been limited primarily to studies involving hydrofluoric
acid. In addition, the scientific literature has little information on controlled exposure studies on either
humans or animals. The following section describes basic information obtained from these studies.

In a study conducted by Rye (1960), urinary fluoride levels were measured in employees engaged in
producing rock phosphate and triple rock phosphate. Airborne exposure levels were reported to be 2.4
parts per million (ppm) fluoride, consisting of 40 percent hydrogen fluoride and 60 percent dust (exact
fluoride form unknown). Urinary fluoride levels increased from 0.5 mg/L to 4.0 mg/L within 2 to 3
hours after onset of exposure and peaked at 7.0 to 8.0 mg/L at 10 hours. In a similar experiment in
rabbits, Smith and Gardner (1949, 1960) measured blood fluoride levels in rabbits continuously
exposed to airborne hydrofluoric acid and found that fluoride levels increased immediately after
exposure, reached a plateau within 24 hours, and persisted at elevated levels for 72 hours following
cessation of exposure. Morris and Smith (1982) exposed rats to airbome hydrofluoric acid via
surgically isolated upper respiratory tracts and found that absorption from the air was nearly 100
percent, with plasma fluoride concentrations correlating closely with the fluoride concentrations in the
air. These studies indicate that inhaled fluoride is absorbed to some degree but provide no conclusive
information regarding the rate, extent, exact site, or mechanism of the absorption.

Organic fluorides such as methoxyflurane, halothane, and enflurane were developed and used as
inhalation anesthetics. Study results reported in the scientific literature show that these compounds are
rapidly and extensively absorbed across the pulmonary epithelium after inhalation (Cousins and Mazze,
1973; Dahlgren, 1979). ‘

Demmal Absorption

Study results show only hydroftuoric acid is absorbed through the dermis. Liquid hydrofluoric acid is
either a strong or weak acid, depending on its aqueous concentration (Leech, 1956; Rudge, 1962).
Dermal exposure to concentration of hydrofluoric acid solutions can result in severe chemical bums
(Dale, 1951; Greco et al., 1988).

Numerous unintentional exposures have provided information to indicate that dermal exposure to
hydrofluoric acid results in rapid and extensive absorption and the systemic distribution of fluoride
(Dale, 1951; Dibbell et al., 1970; Burke et al., 1973; Browne, 1974). Similar results have been shown
in controlled dermal absorption studies in mice (Watanabe et al., 1975)

FLUORIDE DISTRIBUTION

Once fluoride is absorbed, either by ingestion, inhalation, or dermal absorption, it passes into the blood
for distribution throughout the body and for partial excretion. In plasma, fluoride has been shown to
exist in two distinct forms: a nonionic form covalently bonded to carbon-containing, lipid-soluble
molecules and in an unbound ionic form (Guy, 1979). Little is known about the source, fate, or
biological significance of the nonionic form of fluoride, other than that it does not appear to be
exchangeable with ionic fluoride and does not seem to be sequestered in bone (Waterhouse et al.,
1980). Ionic or free fluoride is considered to be the biologically important form in regards to fluoride
therapeutics and toxicity; numerous studies have shown that this biologically active form of fluoride
circulates unbound in plasma (Taves, 1968; Ekstrand et al., 1977). From plasma, fluoride complexes
with calcified tissues and is distributed to either the extracellular or intracellular spaces of the soft
tissues or is excreted (see Section on Fluoride Excretion).

Most of the ionic fluoride retained in the body enters into the calcified tissues (bone and dentition),
either by substituting for the hydroxyl ion (OH) or bicarbonate ion (HCO,-) in hydroxyapatite in bone
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or enamel to form fluoroapatite, or as an ionic exchange within the hydration shell of the crystalline
surface (McCann and Bullock, 1957; Neuman and Neuman, 1958). Approximately 50 percent of the
fluoride absorbed each day will be deposited in the calcified tissues, resulting in more than 99 percent
of the fluoride in the body found in association with the calcified tissue (Whitford, 1983). The
incorporation of fluoride into the crystalline structure of hard tissues is thought to increase the strength
and stability of the crystalline structure of bone and tooth enamel (Posner, 1978; Eanes and Reddi,
1979).

Although fluoride has a high affinity for bone, it is not irreversibly bound in the bone, but forms a
reversible, sequestered pool (Armstrong et al., 1970; Whitford, 1990). Fluoride in bone can be
remobilized, either rapidly by interstitial ionic exchange or slowly as a result of the ongoing process of
bone remodeling. Alterations in the acid-base balance of the body appear to influence fluoride
sequestration and mobilization in bone, presumably because acidosis increases the rate of bone
resorption, whereas alkalosis increases the rate of bone deposition (Barzel and Jowsey, 1969; Ekstrand
et al., 1980; Singer and Ophaug, 1982). The process of bone remodeling is more active in the young
where bone is more hydrated with a greater surface area for fluoride exchange compare to mature
bone. Thus, it is not surprising that fluoride deposition in bone has been found to be inversely
proportional to age (Whitford, 1990). 'In fact, the elderly often show a net loss of fluoride from bone
along with a rise in plasma fluoride levels, most likely because the rate of bone resorption exceeds the
rate of bone deposition in older people.

Researchers believe that fluoride in the soft tissues distributes from plasma to the intracellular space by
the passive diffusion of hydrofluoric acid (Whitford et al., 1977, 1978, 1979; Armstrong and Singer,
1980; and Eisenberg and Marquis, 1981). Approximately 1 percent of systemically absorbed inorganic
fluoride is distributed in the soft tissue compartments of the body because of the high affinity fluoride
has for the hard tissues and the relatively rapid renal excretion of free inorganic fluoride (discussed in
Section on Fluoride Excretion) (Navia et al., 1988). Since litile, if any, soft tissue binding of fluoride
has been shown to occur, either to plasma or cellular components, it is not surprising that fluoride
distribution has been shown to reach a "steady state" between plasma and soft tissues, with
intracellular tissue levels reflecting the continual fluctuation in plasma levels (Whitford et al., 1979),
and with tissue levels generally much lower than the corresponding plasma level.

Exceptions to this soft tissue-to-plasma range of fluoride concentrations occur in bene, kidney, fat, and
brain (Whitford et al., 1979). Fluoride levels in kidney have been shown to greatly exceed those
found in plasma, presumably because fluoride levels are extremely concentrated in renal tubular fluid
(Whitford and Taves, 1973; Whitford et al., 1979). In contrast to the higher fluoride levels found in
kidney tissue, fluoride levels in brain and fat rarely exceed a tissue-to-plasma ratio of 0.2, presumably
because of the low water content of fat tissue and the relative impermeability of the blood-brain barrier
to fluoride (Whitford et al., 1979; Whitford, 1990).

FLUORIDE EXCRETION

Renal excretion is the predominant route for removal of inorganic fluoride from the body.
Approximately 50 percent of the daily intake of fluoride is cleared by the kidneys (Whitford, 1990).
Renal excretion and deposition in calcified tissues account for almost 100 percent of the clearance of
inorganic fluoride from plasma (Jamberg et al., 1983). As fluoride deposition in bone decreases with
age, fluoride levels in plasma increase (Parkins et al., 1974),

Renal clearance of fluoride is both a pH-dependent and concentration-dependent (passive) diffusion
process (Whitford, 1983). Since the pH of renal tubular fluid is normally well above the pK, of HF
(3.45), the majority of fluoride in the tubular fluid will be in the ionized form (F) and will be
eliminated via urine (Singer and Ophaug, 1982; Whitford, 1983; Whitford, 1990). The remaining HF
in the filtrate can diffuse readily across the tubular membrane to the interstitial fluid (where in the
relatively neutral pH of the interstitial fluid, it again becomes ionized (F-) and subsequently re-enters
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the circulatory system.‘ This passive absorption process is thought to occur along the entire tubular
system (Whitford et al., 1976, 1979; Whitford, 1990).

As a result of the other major factor that affects passive diffusion, the transmembrane concentration
gradient, tubular absorption of fluoride has been shown to range from approximately 40 percent to
almost 80 percent of the HF in the glomerular filtrate. (Carlson et al., 1960; Schiffl and Binswanger,
1980, 1982). Ekstrand and coworkers (1980) have shown that over the physiological range of urinary
pH (4.5 - 8.0), the urine-to-plasma concentration gradient for nonionized HF ranges from more than
10,000 to a lower, but still physiologically meaningful, 15.7. As a result, although most tubular
fluoride is in the undissociated form, the unequal urine-to-plasma concentration gradient still results in
the tubular absorption of a relatively large proportion of the filtered fluoride.

A number of factors affect the pH and concentration gradients across the renal tubular epithelium and
therefore effect the renal excretion of fluoride. Alterations in the acid-base balance of the body, which
result in a decrease in the urinary pH (acidosis), have been shown to decrease urinary excretion of
fluoride, whereas alterations that increase urinary pH (alkalosis) have been shown to increase urinary
fluoride excretion (Whitford et al., 1976; Singer and Ophaug, 1982; Jamberg et al., 1983). In
addition, metabolic alterations that affect the extracellular fluid volume have been shown to affect the
urinary excretion of fluoride; expansion of the extracellular fluid volume has been shown to increase
glomerular filtration of fluoride and thus its overall rate of renal excretion (Carlson et al., 1960;
Whitford et al., 1976).

TABLE 1

Renal clearance of fluoride and fractional renal clearance values for
healthy human adults from four studies (Whitford, 1990)*

Fractional
Renal Clearance Range Renal Clearance
(ml/min) (ml/min) {ml/min) References
36.4 (+4.2) 28.0t0 52.0 0.35 (+0.03) Waterhouse et al.  (1980)
26.6 (+2.4) not given 0.23 (10.03) Schill and Biswanger (1980)
31.3 (+1.7) 19.5 to 44.0 ca0.26 Cowell and Taylor (1981)
41.8 (+6.0) 12410 714 0.38 (+0.02) Schill and Biswanger (1982)

* Data are expressed as mean + Standard Error of the Mean (SEM).

A few studies have shown that fluoride can also be excreted in other body fluids, including sweat,
saliva, breast milk, and digestive juices (Van Rensburg, 1979; Ekstrand et al., 1984a, 1984b).
Excretion by all these routes is usually less than the renal clearance, but excretion in sweat may
account for 15 to 25 percent of the fluoride eliminated from the body; and, if sweating is excessive, as
much as 50 percent (Zipkin, 1972). Researchers found that fluoride concentrations in both breast milk
and saliva are below the corresponding plasma concentrations (van Rensburg, 1979; Ekstrand et al.,
1984a, 1984b). Since no active scretory mechanisms have been associated with fluoride excretion by
body fluids, researchers believe that fluoride excretion through these fluids is a passive diffusion
process. Overall, with the exception of excretion in sweat, saliva, breast milk, and digestive juices
these other routes are thought to play a relatively insignificant role in the elimination of fluoride from
the body.

BIOTRANSFORMATION OF FLUORIDE

Although fluoride is not metabolized, it forms fluoride-phosphate complexes with various metals, for
example, aluminum, calcium, beryllium, and magnesium (Holland, 1979; Stemweis and Gilman, 1982;
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Whitford et al., 1987). Such reactions in the gastrointestinal tract have been reported to decrease the
rate of fluoride absorption.

The organic fluoride inhalation anesthetics, methoxyflurane, enflurane, and halothane, are excreted
primarily unchanged in expired air (Chenoweth et al., 1962). They have also been shown to undergo
some degree of metabolic biotransformation, primarily in the liver and possibly in other tissues
(Dahlgren, 1979; Singer and Ophaug, 1982) to form CO,, organic acids, and free fluoride ion F .

As a result, investigators have found increased plasma levels of inorganic fluoride after exposure, via
inhalation, to all three of these anesthetics. Free ionic fluoride is then distributed or excreted from the

_ body just as ionic fluoride from other exposure sources is distributed or excreted. Since

methoxyflurane is much more fat soluble than halothane or enflurane, it builds up stores in the body
and is released much more slowly to the circulation following cessation of exposure. As a result,
methoxyflurane anesthesia produces higher and more prolonged elevations in the plasma fluoride than
the other two produce (Jarnberg et al., 1979; Singer and Ophaug, 1982).

MECHANISMS OF ACTION

Although fluoride compounds occur naturally, both in the environment and in most constituents of the
body, there is no conclusive evidence that fluorine or any of the fluoride compounds are essential for
human homeostasis or growth. (Mclvor et al., 1985). Researchers have found that, depending upon
the level of exposure and the mechanism involved, fluoride produces beneficial or adverse effects.

Preventive and Therapeutic Mechanisms

Fluoride was first investigated as an anticaries agent because of the inverse relationship noted in many
areas of the country between the prevalence of dental caries and the level of fluoride in drinking water
(Dean, 1938; as reviewed by Whitford, 1983). At first, scientists believed that the anticaries activity
of fluoride was a direct result of its incorporation into the apatite crystal of enamel, thus increasing its
stability and reducing its acid solubility (Eanes and Reddi, 1979; Posner, 1978; Whitford, 1983).
Investigators have failed to show a consistent correlation between anticaries activity and the specific
amounts of fluoride incorporated into enamel. The theory of preeruptive fluoride incorporation as the
sole, or principal mechanisms of caries prevention has been largely discounted (Whitford, 1983).
Recent studies have shown that the anticaries action of fluoride may be related to the fluoride levels in
the saliva and plaque fluids rather than the enamel surface itself; fluoride in those media (which
continually bathe the enamel surfaces) purportedly inhibits bacterial metabolism -and, at the same time,
increases the rate of remineralization of enamel lost as a result of bacterial acid production (Beltran
and Burt, 1988). Although these findings provide us with some understanding of the mechanisms of
fluoride anti-caries activity, the exact mechanisms are not yet fully understood (Whitford, 1983).

Sternweis and Gilman (1982) reported that fluoride activates the adenylate cyclase (AC) system for
transducing signals across the cell membranes by interacting with G-proteins. In an organ culture of
human fetal anterior pituitary tissue, the addition of NaF to the medium activated the AC-system, as
measured by the level of cyclic adenosine monophosphate released, which resulted in an increased
secretion of pituitary hormones (Groom et al., 1971).

The proposal to use fluoride for treating bone diseases was based on observations of increased bone
mass in persons exposed to elevated fluoride levels, either in drinking water or in industrial situations
(Roholm, 1937; Leone et al., 1955; Singer and Ophaug, 1982). Researchers believed that fluoride’s
effect on bone was similar to its effect on enamel, and therefore that fluoride was efficacious in the
treatment of certain bone diseases because it increased the stability of the apatite crystal and thereby
decreased the rate of bone resorption (Eanes and Reddi, 1979; Navia et al., 1988). In addition, Prince
and Navia (1983) found some indication that fluoride may affect the organic matrix of bone and found
evidence that fluoride affects the metabolic activity of cells involved in bone deposition and resorption
(Punyasingh and Navia, 1984).
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Toxic Mechanisms

Exposure to sufficiently high concentrations of HF can cause severe imitation or extensive tissue
destruction as a result of the direct caustic action of the acid itself. This is the cause of the dermal
burns after exposure to hydrofluoric acid and also for the gastric irritation and tissue destruction after
ingestion of large amounts of fluoride compounds.

Although fluoride has beneficial effects on teeth and bone, much higher exposure levels produce
correspondingly higher fluoride levels in bone and teeth and can result in structural defects known as
dental and skeletal fluorosis (NRC, 1977; IARC, 1982; Navia et al., 1988). Various mechanisms have
been proposed as causing or affecting dental and skeletal fluorosis, including fluoride interference with
ameloblast activity, osteocyte activity, nucleation, crystalline growth, matrix formation, and calcium
homeostasis (Hodge and Smith, 1972; Fejerskov et al., 1977; Prince and Navia, 1983; Punyasingh and
Navia, 1984). These studies suggest that several different, and perhaps interrelated, mechanisms may
be involved in the development of dental and skeletal fluorosis.

High plasma levels of fluoride (for example, as a result of dermal exposure to hydrofluoric acid) have
been reported to complex biologically active calcium, which results in life-threatening hypocalcemia
(Burke et al., 1973; Greco et al., 1988). In addition, research (Waldbott, 1962; Holland, 1979;
Sternweis and Gilman, 1982; Greco et al., 1988) has shown that fluoride both inhibits and activates a
wide variety of enzymes and enzymatic processes (e.g., cholinesterase, adenylate cyclase, glycolysis).
Since these enzymatic processes are dependent on a variety of metal ion cofactors, scientists believe
that the formation of fluoride-phosphate-metal complexes interferes with these cofactors and thus
affects the activity of the corresponding enzymes.

SOURCES OF HUMAN FLUORIDE EXPOSURE

For humans, water, food, dental products, and air generally are the sources of fluoride. Fluoride
concentrations from these sources vary considerably, thus human fluoride exposure and intake also
vary significantly. Individual exposure differs markedly, depending upon several factors (e.g.,
lifestyle, dietary practices, age, gender, and health status).

FLUORIDE IN DRINKING WATER AND BEVERAGES

Fluoride is present in both surface water and ground-water. The natural concentration of fluoride in
ground-water depends on factors such as the geological, chemical, and physical characteristics of the
water-supplying area (Worl et al., 1973). Fluoride concentrations in ground-water fluctuate within
wide limits, from less than 0.1 mg/L to more than 25 mg/L. The fluoride concentration in fresh
surface water is generally low, ranging from 0.01 mg/L to 0.03 mg/L (WHO, 1984).

On the basis of estimates of the U.S. Environmental Protection Agency (EPA) (1985), about 195.6
million people in the United States are served by public water systems, the remainder by private water
~ systems. About 168.3 million people (more than 86 percent) who are served by public water systems
are exposed to fluoride levels of 1.0 mg/L or less (Table 2). An estimated 835,000 people (0.4
percent) are exposed to drinking water with natural fluoride that exceeds 2.0 mg/L, predominately
from ground-water sources. More recent estimates, based on data that State health agencies report to
the Centers for Disease Control, show that about 132 million people in the United States receive
drinking water with fluoride levels higher than 0.7 mg/L. These estimates include water that is
naturally fluoridated or to which fluoride has been added (CDC, 1990).

A person’s daily intake of fluoride from drinking water is a function of the person’s age and the
fluoride levels found in the drinking water source. EPA estimated in 1985 that 99.6 percent of the
United States population served by public water systems consumed drinking water that ranged from
<0.1 to 2.0 mg/L fluoride concentration. The estimated mean daily intake of fluoride ranges from a

-8-



‘high of 0.24 mg/kg/day body weight for formula-fed infants, to a low of 0.029 mg/kg/day for male
adults (Table 3). The data indicate that, on a per body-weight-daily basis (mg/kg/day), the fluoride
intake from drinking water increases proportionally as the fluoride content of drinking water increases.

TABLE 2

Estimated population exposed to fluoride in public
drinking water at various concentration ranges (EPA,1985)

Number of people (millions) exposed to fluoride(mg/1)

Type of

Public  People

Water  Served®

"System (millions) <0.10 0.1-10 >1.0-2.0 >2.04.0 >4.0-60 >6.0-8.0 >80

Ground- 69.239 3.067 61.552 3.872 0.5720 0.1616 0.0113  0.0032
water

Surface 126.356  13.548 90.132 22.590 0.0788  0.005 140.0031  0.0001
water

Total 195595 16.615 151.684 26.462 0.6508 0.1667 0.0144  0.0033
Percent 100 8.5 77.6 13.5 0.3 <0.1 <0.1 <0.1
of Total

* Estimated U.S. population served by public water systems.

TABLE 3
Estimated fluoride intake from drinking water (EPA, 1985)

Estimated Fluoride Intake Per Individual

(mg/kg/day)

Fluoride Estimated Percent

Concentration  U.S. Population® Infants® Children® Adults®
(mg/L) served (Formula-Fed) (5-13 years-old) (Men)
>0.11t02.0 99.6 0.24 0.042 0.029
>2.010 4.0 0.3 0.73 0.13 0.086
>4.0 to 6.0 <0.1 1.2 0.21 0.15

>6.010 8.0 <0.001 1.7 0.30 0.20

>8.0 <0.01 2.4 0.42 0.29

Estimated percent of U.S. Population served by public water systems exposed o uoride in
drinking water at indicated concentration ranges.

Calculation based on infant who weighs 3.5 kg and consumes 0.8 liters of infant formula per day.
Calculation based on 10 year old child who weighs 33 kg and consumes 1.4 liters of water per
day.

Calculation based on a man who weighs 70 kg and consumes 2.0 liters of fluid per day.
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An indirect result of community water fluoridation is an increase in the fluoride content of foods and
beverages that have been prepared commercially or grown domestically using fluoridated water (Clovis
and Hargreaves, 1988). Investigators report that the use of fluoridated water (adjusted or naturally
occurring levels of 8.7 to 1.2 mg fluoride/L) in the processing of beverages and canned vegetables can
add an estimated 0.5 mg/L of fluoride to the product (Marier and Rose, 1966). Researchers also have
reported that fluoride concentrations in carbonated beverages prepared with municipal water, fluori-
dated at 1.0 mg/L, approached the fluoride ion concentrations in the drinking water itself (Shulz et al.,
1976; Shannon, 1977). Thus, beverages and food products containing water with measurable fluoride
are available and contribute to the total fluoride intake of persons consuming these products, whether
or not the drinking water contains fluoride.

When estimating the fluoride intake of an infant during the first 6 months of life, one must consider
whether the infant is breast-fed or formula-fed. The concentrations of fluoride in human breast milk
are low and range from 5 to 25 micrograms/L (Spak et al., 1983; Krishnamachari, 1987), reflecting
different levels of fluoride in the drinking water (0.2 to 1.7 mg/L)). Commercially available infant
formulas processed from cow’s milk contain about 0.1 to 0.38 mg/L of fluoride when prepared with
deionized water (Taves, 1983; Johnson and Bawden, 1987; McKnight-Hanes et al., 1988), and
soy-based formulas should contain no more than 0.45 mg/L of fluoride (FDA, 1990). When any of
the dry or powdered formulas are mixed with fluoride-adjusted water (0.7 to 1.2 mg/L), the fluoride
levels to which the infants are exposed approximate 1.45 mg/L, which is within the current
recommended daily intake for maximum dental benefit (Johnson and Bawden, 1987; McKnight-Hanes
et al., 1988; National Academy of Science, 1989). In the United States, in communities with .
fluoridated water, the mean daily fluoride intake of formula-fed infants is estimated to range from 0.09
to 0.13 mg/kg body weight and in non-fluoridated areas from C.01 to 0.02 mg/kg (Singer and Ophaug,
1979). These estimates are considerably lower than the EPA estimates of 0.24 mg/kg/day reported in
Table 3, perhaps reflecting the broad range of fluoride concentration in drinking water. In contrast,
assuming that human breast milk has a fluoride level of 25 micrograms/L, breast-fed infants may
receive 0.003 to 0.004 mg/kg fluoride by body weight (Ericson, 1969).

Where tea drinking is common, tea can contribute substantially to total fluoride intake. Results of the
United Kingdom Total Diet Study (Walters et al., 1983) showed that tea was the major source of
dietary fluoride for adults in that country (1.3 mg of the total daily intake of 1.8 mg).

FLUORIDE IN FOOD SOURCES

Fresh or unprocessed foods available in the U.S. have fluoride concentrations that generally range from
0.02 to 2.0 ppm (Table 4).

Marine fish that are consumed with bones and bone meal supplements have been shown to be a rich
source of fluoride in human food (Muhler, 1970; Kumpulainen and Koivistoinen, 1977). The bones of
some land-based animals also contain high levels of fluoride (Sherlock and Corr, 1984).

Food processing influences the fluoride content of foods. The natural fluoride content of most foods is
so small that its contribution is insignificant compared with the amount of fluoride produced through
cooking and processing food in fluoridated water (Marier and Rose, 1966). In addition, the cooking
vessel can influence the level of fluoride (Full and Parkins, 1975).

The dietary fluoride intake of young children (excluding beverages) was reported by Ophaug et al.
(1972, 1982) for 6-menth-olds and 2-year-oids living in four geographic regions of the United States.
Dietary fluoride intake among the 6-month-olds ranged from 0.15 to 0.76 mg/day (Singer and Ophaug,
1579), providing daily intake of about 0.05 mg/kg body weight. By using "market basket" surveys to
estimate the fluoride intake (Ophaug €t al., 1980), similar levels were established for 2-year-olds (0.41
to 0.61 mg/day in fluoridated areas and 0.15 to 0.26 mg/day in low-fluoride areas).
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TABLE 4
Fluoride concentrations in food (Taves, 1983)

Fluoride Concentration (ppm)

Standard

Foods® Mean Deviation Range

Dairy products 0.25 0.38 0.02 - 0.82
Meat, fish, poultry 0.22 0.15 0.04 - 0.51
Grain and cereal products 0.42 0.40 0.08 - 2.01
Potatoes 0.49 0.26 021 -0.84
Leafy vegetables 0.27 0.25 0.08 - 0.70
Legumes 0.53 0.05 049 - 0.57
Root vegetables 0.38 0.11 0.27 - 048
Fruits 0.06 0.03 0.02 - 0.08
Oils and fats 0.25 0.15 0.02 - 0.44
Sugar and adjuncts 0.28 0.27 0.02 - 0.78

Nonclassifiable foods 0.59 0.19 0.29 - 0.87

a

The foods were ready to eat or prepared for eating. When preparation required the use of water
(e.g., preparing juice from concentrate or boiling vegetables), the local water which contained 1
mg/L fluoride was used. Nonclassifiable foods included certain soups and puddings, among other
items.

Several "market basket" estimates have been made of the daily fluoride intake from food in United
States adults (exclusive of drinking water and beverages) in both fluoridated adjusted and unadjusted
areas (Tables 5 and 6); these estimates generally range from 0.2 to 0.8 mg/day in unadjusted areas and
from 0.3 to 2.7 mg/day in fluoride adjusted areas. For an adult weighing 50 kilograms, the daily
fluoride intake from food sources range from 0.004 to 0.016 mg/kg/day in low-fluoride areas and from
0.006 to 0.054 mg/kg/day in fluoridated areas.

TABLE 5

Daily ﬂubﬁde intake of adults in communities with
low fluoride levels in drinking water (0.4 mg/L or less)

Adult Fluoride Intake (mg/day)

Dietary Sources Beverages Total
Excluding Beverages and Fluoride

References : and Water Water Intake
Armstrong & Knowlton (1942) 0.27t0o 0.32 - -
McClure et al. (1944) 0.3 to 0.5 - -
Ham and Smith (1954) 04 10 0.8 0.01t0 0.3 0.4 to 0.88
Cholak (1959) 0.3 to 0.8 - -
Kramer et al. (1974) 0.8 to 1.0° - -
Osis et al. : (1974) 0.7 to 0.9° - -
Singer et al. (1980) 03 to 04 0.2 10 0.76 0.91

* Includes tea and coffee within the dietary source category.
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TABLE 6

Daily fluoride intakes of adults in communities with
fluoridated drinking water (approximately 1 mg/L)

Adult Fluoride Intake (mg/day)

Dietary Sources Beverages Total
Excluding Beverages and Fluoride
References ‘and Water Water Intake
Marier and Rose (1966) 1.0t02.1 1.0t0 3.2 2.0t053
Spencer et al. (1970) 1.2t02.7 1.6t03.2 281059
San Filippo and
Battistone (1971} 0.8 to 0.5 131015 211024
Kramer et al. (1974) 1.7 to 3.4° - -
Osis et al. (1974) 1.6 to 1.8° - -
Singer et al. (1980) 0.3t0 0.6 0.6 to 1.1 1.0t0 1.7
Becker and Bruce (1981) 0.4 1.6t0 19 2.0t0 2.3

= Includes tea and coffee within the dietary source category.

DENTAL PRODUCTS CONTAINING FLUORIDE

Fluoride-containing dental products (e.g., dentifrices or toothpastes, mouthrinses, fluoride supplements,
and professionally applied topical fluorides) have been identified as sources of systemically available
fluoride (Whitford, 1982, 1989; Ophaug and Singer, 1988; Pendrys and Stamm, 1990).

The most commonly used fluoride products are toothpastes, followed by treatment gels and mouth-
rinses. More than 90 percent of the toothpaste sold in the United States contains fluoride; the
concentrations range from 1,000 to 1,500 ppm (Beltran and Szpunar, 1988; Whitford, 1989). The
fluoride toothpastes available in the United States contain fluoride from several different compounds:
sodium fluoride, 0.188 to 0.254 percent (0.1 percent fluoride with an available fluoride ion
concentration of more than 650 ppm; sodium monofluorophosphate, 0.654 to 1.14 percent (0.1 to 0.15
percent fluoride with an available fluorophosphate and fluoride combined of more than 800 ppm);
stannous fluoride, 0.351 to 0.474 percent (0.1 percent fluoride with an available fluoride ion
concentration of more than 700 ppm); or stannous fluoride products containing the abrasive calcium
pyrophosphate, 0.351 to 0.474 percent (0.1 percent fluoride with an available fluoride ion
concentration of more than 290 ppm (Whitford, 1989; DHHS/FDA, 1988). Fluoride mouthrinses
contain either aqueous solutions of sodium fluoride, 0.05 and 0.2 percent (0.023 and 0.09 percent
fluoride yielding fluoride ion concentrations of 230 and 900 ppm respectively); or stannous fluoride,
0.4 percent (0.1 percent fluoride with an effective fluoride ion concentration of 970 ppm) (Whitford,
1989; DHHS/FDA, 1985). Fluoride treatment gels include products containing: either neutral or
acidulated phosphate fluoride, 2.72 percent (0.5 to 1.23 percent fluoride with fluoride ion
concentrations up to 12,300 ppm); and stannous fluoride in 0.4 and 8.0 percent solutions (0.01 and
1.94 percent fluoride with fluoride ion concentrations of 970 and 19,400 ppm respectively) (Whitford,
1989; DHHS/FDA, 1985).

Children’s use of fluoride-containing dental products is associated with an increased daily fluoride
intake. Table 7 lists estimates of fluoride ingested during tooth brushing by children of various age
groups. The higher amounts ingested by young children have been attributed to their inadequate
control of the swallowing reflex.




TABLE 7

Estimated fluoride ingestion during toothbrushing

Dentifrice Fluoride
Used Ingestion
Age Mean or Range Mean or Range
Reference Group (grams) (mg F)
Hargreaves et al. (1970) Preschool - 01t 0.25
Bambhart et al. (1974) 2t04 0.86 0.30
Ericson et al. (1969) 4t05 0.39 o 0.51 0.13
Barnhart et al. (1974) S5to7 0.94 0.13
Ericson et al. (1569) 6107 041 to 0.48 0.12
Glass et al. (1975) 81t 10 0.23 10 2.57 010 0.41
Bamhart et al. (1974) 11to0 13 1.10 0.07
Dowell (1981) Oto2 0.07 to 1.97 -
Brunn et al. (1988) 3 0.17 to 3.0 -
7 02 o 3.7 -

Children begin brushing their teeth at an early age (Dowell, 1981), and the amount of toothpaste
introduced into the mouth varies; it ranges from 0.1 to 2.57 grams per brushing. In a review of the
dental literature, Whitford (1989) reported that the amount of toothpaste children use averaged about
1.0 gram per brushing. Based upon the amount of dentifrice used, the amount of fluoride introduced
into the mouth with each brushing ranges from 0.1 to more than 2.0 mg and averages 1.0 mg
(Hargreaves et al., 1972; Bamnhart et al., 1974; Baxter, 1980; Dowell, 1981; Brunn and Thylstrup,
1988); the average is similar for fluoride mouthrinse products (Wei and Kanellis, 1983; Bell et al.,
1985). The percentage of fluoride introduced into the mouth, then swallowed or absorbed rather than
expectorated, ranges from near zero to 100 percent; (reported fluoride intake per brushing ranges from
zero to 0.41 mg or 0.041 mg/kg for a child weighing 10 kilograms). On the basis of these reports,
Whitford (1987; 1989) estimated that about 25 percent of the fluoride in toothpastes and mouthrinses
is swallowed or absorbed. Thus, a 25 kg or 2-year-old child ingests an average of about 0.25 mg of
fluoride (0.01 mg/kg/brushing or rinsing) with each brushing or rinsing.

The practice of giving children daily dietary fluoride supplements was developed as an altemative to
fluoridation of drinking water, as a means of preventing caries in children living in low-fluoridated
areas. The current recommendations for prescribing dietary fluoride supplements depend on the age of
the child and concentration of fluoride in the drinking water (Table 8).

TABLE 8

Dietary fluoride supplement dosage schedule (mg/day)
Council on Dental Therapeutics, American Dental Association, 1978, 1984
and the Committee on Nutrition, American Academy of Pediatrics, 1978

Age of Child Concentration of Fluoride in drinking water (mg/L)

(years) <0.3 0.3100.7 >0.7
Birth to 2 ' 0.25 0.0 0.0
2103 0.50 025 0.0
310 13 1.0 0.50 0.0
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Table 9 shows the estimated ranges of fluoride ingested by the three most important sources of
fluoride in young children: diet, dietary fluoride supplements, and dentifrices. If brushing were
increased to two or more times per day or more fluoride mouthrinse were used, the contribution from
these dental hygiene products would increase proportionally (Pendrys and Stamm, 1990).

TABLE 9

Estimate of maximum fluoride intake from diet, supplements, and
dentifrices among 2-year-old children

Estimated Total Daily Fluoride Intake (mg/day)

Drinking water with Drinking water with
1-ppm-fluoride No detectable fluoride
~Sources Range Mean Range Mean
Diet* 5-0.6 0.6 02-03 0.3
Fluoride Supplements’ - . 0.5 0.5
Fluoride Dentifrice® 0.0-20 0.3 0.0-20 0.3
Total 0.5-2.6 0.9 0.7-28 1.1

" Including water and beverages. Adapted from Ophaug et al., 1980, 1985.

b Adapted from Council on Dental Therapeutics of the American Dental
Association, 1984.

° Adapted from Whitford et al., 1987 and Pendrys & Stamm, 1990.

The use of fluoride supplements and dentifrice in communities that do not have fluoridated drinking
water can result in levels of total fluoride equal to that in communities with optimally fluoridated
water supplies. Using the mean retention estimate of 25 percent, if teeth are brushed twice each day
(1 g of dentifrice.or 1 mg of fluoride per brushing), the amount of fluoride ingested would
approximately equal the amount ingested from the diet (0.5 mg/day).

AMBIENT AIR LEVELS OF FLUORIDE

Traces of fluoride in the air in rural communities and cities originate from both natural sources and
human activities (WHO, 1984). Natural sources of fluoride in the air are the dusts from soil and
seawater droplets dispersed into the atmosphere by wind. Most of the ambient levels of fluoride in air
found in urbanized areas are generated by industries (Smith and Hodge, 1979). Studies reporting
levels of fluoride in air suggest that ambient fluoride contributes little to a person’s daily intake (EPA,
1980, 1985). Assuming that an adult male inhales 23 cubic meters of air per day and that he absorbs
100 percent of the inhaled fluoride and assuming that ambient air levels of fluoride are present at the
limit of detection (0.05 micrograms/cubic meter) the person will absorb about 1.2 micrograms per day
(EPA, 1985). Martin and Jones (1971) estimated that a person living in the highly industrialized city
of London inhales 1 to 4 micrograms of fluoride per day.

SUMMARY OF TOTAL HUMAN FLUORIDE INTAKE

The fluoride concentrations in drinking water, beverages, food, and dental hygiene products comprise
the major sources of fluorides in humans. Typically, levels of fluoride in air are extremely low, thus
the airbome contribution appears negligible. Fluoride levels in water, diet, and fluoride-containing
dental products vary considerably, and therefore an individual’s exposure to fluoride varies
significantly. Exposure is determined by a person’s age, weight, diet, drinking-water source, frequency
of use of fluoride-containing dental products, and by the climate.
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On the basis of information in this Vs_ectjon, Tables 10 and 11 summarize the daily intake of fluoride
from the major sources of exposure for children and adults. The following observations have been

Although fluoride exposure is greater generally in areas with fluoridated water than in areas
with non-fluoridated or low-fluoridated water, populations in both areas are exposed to
fluoride from food sources, drinking water, processed beverages, and dental products
(Tables 10 and 11).

If daily fluoride dietary supplements are used appropriately and consistently, the intake
levels for children in non-fluoridated areas will be similar to those for children living in
optimally fluoridated areas (Table 10). Use of dietary supplements is a voluntary preventive
effort, requiring a high degree of parent compliance and continued attention by health care
providers who prescribe supplements.

In optimally fluoridated areas, most of the estimated daily intake of fluoride for children and
adults is from drinking water, beverages and food. In low-fluoride or non-fluoridated areas,
children can receive their highest proportion of daily intake from fluoride supplements and
dentifrice (Table 10). The daily intake of most adults is about equally divided among food,
drinking water, beverages, and mouthrinses (Table 11).

The relative contribution of fluoride dentifrices to a child’s fluoride intake varies greatly,

but estimates show that, in both fluoridated and non-fluoridated areas, ingestion can
constitute a substantial proportion of total intake of fluoride in children.

-15-



_()l_

Concentration
of Fluoride in

TABLE 10

Summary--Estimated daily fluoride intake of children®

Fluoride Intake

Drinking Water

Estimated

Drinking Water Intake and Fluoride Fluoride Total Fluoride
mg/L Estimate® Food Sources Beverages Dentifrice® Supplement* Intake
mg/day 0.15 to0 03 0.1 1o 03 02t 12 0.50 09510 23
<0.3 mg/L
[mg/kg/day]  [0.007 to 0.015] [0.005 to 0.015] [0.01 to 0.06] [0.025] [0.047 to 0.115]
mg/day 04 to 0.6 03 o 1.8 0210 12 Not 09t 3.6
0.7 to 1.2 mg/L. Recommended
[mg/kg/day] [0.02 to 0.03] [0.015 to 0.09] [0.01 to 0.06] [0.045 to 0.18]
mg/day 1.0 to 20 06 to >3.0 02 to 12 Not 1.8 to >6.2
>2.0 mg/L Recommended
[mg/kg/day] {0.05 to 0.10] [0.03 to 0.15] [0.01 to 0.06] [0.09 to 0.31}]

= (galculation based on the child weighing 20 kg.
b Estimated daily fluoride intake of children based u

reflect widest range in listed fluoride sources.
¢ Assumed that fluoride dentifrice used twice per day
¢ agsumed that dental fluoride supplement taken daily.

pon data extrapolated from various sources reported in the scientific literature; ranges rounded to
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TABLE 11

Summary--Daily fluoride intake of adults®

Concentration Fluoride Intake
of Fluoride in Drinking Water Estimated
Drinking Water Intake and Fluoride Fluoride Total Fluoride
mg/L Estimate® Food Sources Beverages Dentifrice® Mouthrinse* Intake
mg/day 02 to 08 0.1t 0.7 0.018 to 0.145 0.56 0.88 to 2.2
< 0.3 mg/L
[mg/kg/day] 0.004 to 0.016] [0.002 to 0.014] [0.0004 o 0.003] [0.01] [0.016 to 0.04]
mg/day 04 to 2.7 06t 32 0.018 to 0.145 0.56 S8 to 6.6
0.7 to 1.2 mg/LL
[mg/kg/day] [0.008 o 0.54] [0.012 1o 0.064] [0.0004 to 0.003] [0.01] [0.03 1o 0.13]
mg/day 1.2 to 34 0910 >35 0.018 1o 0.145 Not 2.1 to >7.05
>2.0 mg/L Recommended
[mg/kg/day] [0.02 to 0.07] [0.018 to >0.07] [0.0004 to 0.003] [0.04 10 >0.14]

2 Calculation based upon adult weighing 50 kg.
®  Estimated daily fluoride intake for an adult based upon data extrapolated from various sources reported in the scientific literature; ranges rounded

to reflect widest range from listed fluoride sources.
¢ Assumed that fluoride dentifrice and mouthrinse used twice per day.



HEALTH BENEFIT ASSESSMENT OF FLUORIDE

The objective of this chapter is to evaluate (1) the relationship between fluoride and the prevention of
dental caries, (2) the contemnporary uses of fluoride, and (3) fluoride as a treatment for Osteoporosis.
Caries and osteoporosis, two common health impairments, have long been studied in relation to
fluorides. With respect to dental caries, it is important to determine whether the benefits reported in
the past continue today.

DENTAL CARIES

This section, in historical context, concerns the relationship between fluorides and dental caries with
respect to the several criteria for establishing causality: detecting an association, seeking a
dose-response relationship, replicating the findings under a variety of circumstances and by different
investigators, excluding alternative explanations and observer bias, finding biological plausibility for
the relationship, and observing the disappearance of the effect when the cause is removed (MacMahon
and Pugh, 1970). Not all of these elements are needed to infer czusality.

This approach, commonly used in epidemiology -- as in the Surgeon General's first report on smoking
and health (U.S. Public Health Service, 1964), is novel in evaluating fluoride exposure in the
prevention of dental caries. The literature is 100 vast to be re-reviewed here. That pertaining to
fluoridation of water is well covered through 1960 by McClure in his volumes, Fluoride Drinking
Waters (1962) and The Search and the Victory (1970), through 1972 by Murray and Rugg-Gunn
(1982), and from 1979 to 1988 by Newbrun (1989). The publications cited in this report, with
emphasis on recent work, illustrate the diversity of studies from which one can derive the elements
used to evaluate causality.

Studies of various fluoride modalities, such as mouthrinses and toothpastes, although extensive and
important (University of Michigan Workshop, 1989), are described here primarily to supplement
results pertaining to water fluoridation. The objective of this section was to determine if fluoride
prevents caries, and not to evaluate the various fluoride modalities individually or in combination.

HISTORY: "MOTTLED ENAMEL" AND DRINKING WATER

According to McClure (pp 2329, 1970), study of the effects of fluorides began in 1901 when an
association was suspected between markedly discolored teeth and drinking water in two widely
separated locations. J. M. Eager, a U.S. Public Health Service officer in Naples, Italy, observed that
emigrants bound for the United States often had markedly discolored teeth. He also noted that
children of wealthy families, who spent only their summers at the Naples seaside, had thin horizontal
dark lines on their teeth, one for each summer. Eager suspected that volcanic fumes from Mt.
Vesuvius had affected the drinking water. At the same time, McKay, upon opening his dental practice
in Colorado Springs, Colorado, found similarly discolored teeth among his patients who had lived in
that location since childhood. In 1930, publication of a report by Kempf and McKay on dental
mottling in the aluminum company town of Bauxite, Arkansas, caused Churchill, who headed the
laboratory for the company, to have his staff use spectrography to look for chemicals not normally
evaluated in water analyses. The staff found a high concentration of fluoride (12 mg/L). Inthe same
year Smith et al. (1931) and Velu and Balozet (1931) independently reported the same laboratory
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finding. This observation set the stage for fluoride measurements of drinking water as related to the
degree of mottling (a historical term used to describe discolored teeth of any etiology).

ASSOCIATION BETWEEN MOTTLED ENAMEL AND DENTAL CARIES, AND
DOSE-RESPONSE EFFECT

Mottling was classified by degree, from barely detectable flecks of white on the normally translucent
teeth, through yellow to deepening brown and even corroded-looking teeth (Dean, 1938). In 1916
Black noted that caries were less frequent among residents with mottled teeth in Colorado Springs than
among people living in areas where mottling did not occur. Elsewhere in the world others also
suggested an association between mottled teeth and reduced caries scores (reviewed by Dean, 1938).
Next, Dean and coworkers (1942a) conducted a systematic survey of dental caries in relation to the
fluoride content in the water of 21 U.S. cities. These investigators found that the frequency of caries
decreased as the content of fluoride in the water supplies increased (Figure 1). This dose-response
effect provided evidence that fluoride was related to a reduction in dental caries.
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Figure 1. Relationship between the amount of dental caries (permanent teeth)
observed in 7,257 selected 12-14 year old white school children
of 21 cities of 4 states and the fluoride content
of public water supply (Dean et al., 1942)
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DISTRIBUTION OF FLUORIDATED WATER

The distribution of naturally fluoridated waters (0.7 ppm or more) is concentrated in certain areas of
the United States (Figure 2). The worldwide distributicn of naturaliy or adjusted flucridated water, as
compiled by Collins of the Centers for Disease Control (CDC, 1990) as of June 1, 1989, is shown in
Table 12. Countries with the most people receiving fluoridated water were the Uniied States, 132.2
million; Brazil, 42.5 million; and the U.S.S.R., 41.3 million. The increase in flucridation over time in
the United States is shown in Figure 3 (CDC, 1990).

SCORING THE OCCURRENCE OF CARIES

In caries research, reference is generally made to abbreviations in scoring decayed, missing, needing
extraction, and filled teeth or surfaces; deft or dmft refers to the primary teeih and DMFT 0
permanent teeth. These scores reflect the cumuletive caries experience of a person or the average
caries experience of a population. Counts based on tooth surfaces (dmfs or DMFS) are more
informative than those based on the tooih as the unit of measure, because the five surfaces of each
tooth are at different risks of caries (Brunelle and Carics, 1550).

REPLICATION OF THE EARLY FINDINGS

educed dental caries following fluoridation of water supplies has been shown many times. in Grand
Rapids, Michigan, the site of the first adjusted fluoridated water supply (1 ppm), the caries scores 9
years later showed a marked reduction at each year of age from 6 to 10 years as compared with
Muskegon (Figure 4). Soon after, the water supply of Newburgh, New York, was flucridated, and
caries scores were compared with those for nearby non-fluoricated Kingston, New York, with simiiar
results, and a few months later, Evanston, Illinois, followed suit (reviewed by McClure, 1970, op

22-131). Dean (1942a) identified the optimum level of fluoride in the water supply as 1 ppm for
maximal caries reduction with minimal or no risk of dental fluorosis. Galagan (1953) related the
optimum level to the environmentai temperature, which influences the amount of water consumed
(Figure 5).

A cross-sectional study of 5-year-olds, from 1975 to 1978, in four communities in Mortheast England
showed that the higher the level of fluoride in the drinking water (from 0 to 1 ppm), the lower the
scores for dental caries (Figure 6) (Rugg-Gunn et al., 1981).

In four cities of Michigan, with natural fluoride levels of 0.0, 0.8, 1.0 or 1.2 ppm, children 6 t¢ 12
years old were examined in the mid-1980s. These recent results (Table 13), consistent with Dean’s
(1942a), show a dose-response effect in protection against caries (Szpunar and Burt, 1588).

which they found the naturally fluoridated water tc be ore, two, three and four times the optima
ppm) for 1980 as compared with 1985, and they found a dose-response effect. At finoride lev
higher than cptimal, caries scores were lower than optimal {Table i4). Dental flucrosis increa
each level.

Some of the numerous water fluoridation studies that different investigators have conducied in vanous
places are shown in Tabie 15, from Newbrun (1989}, In 11 tables, he summarized the world jiterature

on caries and fluoridation as derived from Medline, 1984 through 1988, and from the relevant

24
220



Figure 2. Towns in the United States using naturally fluoridated water
(0.7 ppm or more of fluoride) (U.S. PHS, Division of Dental Health, 1969)
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Figure 4. Average number of dmft/DMFT per child by age in Grand Rapids after nine years of
fluoridation as compared with no fluoridation in Muskegon, M1, 1955 (Amold et al., 1956)
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COMMUNITY FLUOROSIS INDEX
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Figure 5. Relation between fluoride concentration of municipal waters and fluoride index for
communities with mean annual temperatures of approximately 50°F (Midwest) and 70°F (Arizona)
(adapted from Galagan, 1953)
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Figure 6. The relationship between caries experience (deft) in 1,038 5 year-old children living in 4
areas of N.E. England and the fluoride concentration in their drinking water (Rugg-Gunn, et al., 1981)
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Figure 6. The relationship between caries experience (deft) in 1,038 5 year-old children living in 4
areas of N.E. England and the fluoride concentration in their drinking water (Rugg-Gunn, et al., 1981)

TABLE 13

Percent of children who were caries-free,
mean DMFT and DMFS scores, by community
(Szpunar and Burt, 1988)

Fluoride
Level Percent Mean Mean
Community {ppm) Caries-free" DMFT DMFS
‘Cadillac 0.0 551 1.32 1.99
Hudson 0.8 58.3 1.04° 1.54°
Redford 1.0 73.7 0.61° 0.87°
Richmond 1.2 69.8 0.58° 0.74*

* X*= 14.783, df=2, p < 0.002.

® DMFT for Hudson differed for that for Redford, p = 0.0197; DMFS, p = 0.0215.

° DMFT and DMFS for Redford differed from those for Cadillac, p = 0.0001.

¢ DMFT for Richmond differed from that for Cadillac, p = 0.0073; DMES, p= 0.0045.

TABLE 14

Mean DMFS scores of children
by age category and water-fluoride level
in 1980 and 1985 (Heifetz, et al., 1980)

Water Fluoride 8 to 10-Year-Olds 13 1o 15-Year-Olds
Level 1980 1985 1980 1985
Optimal 1.79 1.51 4.56 5.09
2 X optimal 1.20 1.07 2.59 2.87
3 X optimal 0.76 0.82 1.92 2.53
4 X optimal 141 0.85 3.38 3.86

literature from 1979 through 1983. In some studies, caries scores were compared over time as fluoride
was added to the water supply; other studies were made in parallel, with the caries scores being
compared in relation to water supplies with different fluoride levels. Table 15 shows the percentage
reduction in DMFS scores in recent years by age-group. The efficacy was greatest for deciduous teeth
(ages 3 to 5), with 30 to 60 percent less caries, followed by a 20 to 40 percent reduction for mixed
dentition (ages 6 to 12), 15-35 percent for adolescents, and about the same for adults. These results
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are in accord with many previous studies, as summarized by Murray and Rugg-Gunn (1982), who
reviewed 95 studies in 20 countries between 1945 and 1972 and found reductions in caries scores of
20 to 85 percent.

TABLE 15

Studies published since 1983 of fluoride effectiveness and
selected other studies, 1979-1983 (Newbrun, 1989)

Newbrun’s Number Number Age of Percent

Table of Studies of Groups Survey Subjects Caries

Numbers  Reported Compared® Dates Country (Years) Reduction
1 2 3 1984-87 US.A. 35 -5 30
2 8 8 1976-87 UK. 4 -54 3 -60
3 9 17 1977-87 US.A. 6 -16 9 -57
4 3 3 1976-83 UK. 9 -12 42 - 50
5 4 7 1979-87 US.A. 14 -17 8 -37
6 3 3 1979-87 UK. 14 -17 25 -40
7 1 2 1983-85 Canada 9 -13 35 -38
8 1 4 1984 Ireland 5-15 21 -40
9 3 5 1979-85 Aus/NZ 6 -10 29 -55
10 5 5 1950-84 US./UK. 20+ 20 - 88

Canada

11 2 3 1982-85 U.S.A. 60+ 17 - 35

* For example, Newbrun’s Table 1 consists of one publication by Johnson concerning two F vs. NF
comparisons and one paper by Brunelle and Carlos concemning another such comparison.

In 1986 and 1987 the National Institute of Dental Research (NIDR) conducted a National Survey of
Oral Health to determine the prevalence of oral disease in 39,000 U.S. children 5 to 17 years of age
(Brunelle and Carlos, 1990) and to compare the results with those of similar studies conducted in 1979
and 1980. Children who resided continuously in fluoridated areas had 18 percent lower DMFS than
did those who resided in non-fluoridated areas, where fluoride was also widely available through
sources other than community water supplies. Among children in the non-fluoridated areas, 54.2
percent reportedly had used fluoride tablets or drops at some time in their lives. Further, the use of
topical fluorides in school programs was more than twice as common (22 percent) for students in
non-fluoridated than in fluoridated areas (9.8 percent). Exclusion of data from children who received
tablets, drops or topical applications showed that children in fluoridated communities had a 25 percent
reduction in caries scores.

EXCLUSION OF ALTERNATIVE EXPLANATIONS
In studies of dental caries in relation to fluoride exposure the scoring may be unwittingly influenced
by the examiner’s knowledge of the child’s exposure status, particularly with respect to water

fluoridation. Efforts have been made to reduce observer bias in studies of fluoridation and dental
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Preventive Dentistry Demonstration Program (NPDDP) conducted in 10 areas of the United States
(Bell et al., 1982; Bohannan, et al., 1984; Klein et al., 1985; Disney et al., 1990). The purpose of the
study was to determine the costs and effectiveness of various school-based preventive procedures so
that a foundation could be built for developing the most effective school-based preventive dental
programs. In so doing, valuable information was collected on the demography of dental caries in
relation to five fluoridated and five non-fluoridated areas. A comparison of combinations of fluoride
modalities showed that fluoridated water provided the greatest benefit at the lowest cost (Bell et al.,
1982).

In another study, the examiners were unaware by chance that the community water supply was
fluoridated. They had been told that fluoride had not been added to the water supply. When the
DMEFT scores were found to be only half those for non-fluoridated communities, further inquiry
showed that the water supply in question was naturally fluoridated (Marchment and Gray, 1986).

Ideally, a controlled clinical trial should be done in which the examiner does not know the exposure
status of the person, but such a study is impossible when the entire community’s water supply is
fluoridated. Clinical trials, which also control for other variables are possible, however, when dental
products containing fluoride are tested. Agents that have been so evaluated and proven effective are
professionally applied solutions, gels, toothpastes, and mouthrinses. Furthermore, many clinical trials
have been made of self-applied products. In a review of clinical trials of fluoride gels, Ripa (1989)
found, on average, a 26 percent reduction in caries scores among children residing in communities
without fluoridated water supplies. He noted that there is some clinical evidence for a similar
percentage reduction in fluoridated communities beyond the protection already afforded by the water
supply. Among persons over 18 years of age, no clinical trials have been made of fluoride gels
compared with placebos (Ripa, 1989).

Clinical trials of fluoride mouthrinses conducted between 1971 and 1982 showed, on the average, a 25
to 30 percent reduction in caries scores among treated subjects as compared with controls (Carlos,
1985). The clinical importance of this level of benefit among children with low caries experience has
been questioned (Leverett, 1989). However, Disney and coworkers (1990) concluded that the
consistently positive results of 13 clinical trials show that fluoride mouthrinses are beneficial to
caries-prone children.

The groups of persons compared in clinical trials were alike except for exposure to fluoride.
Therefore, only fluoride can be credited with the reduction in dental caries. Investigators have
reported similar results in clinical trials of fluoride tablets (Driscoll, 1974) and of dentifrices (reviewed
by Mellberg, 1990). ‘

Alternative hypotheses have been offered for the reduction of caries scores attributed to fluoridation.
There are three principal proponents of altemnative explanations. Colquhoun (1985), in studies of
children in New Zealand, reported that those in a non-fluoridated lower-class district of Auckland
experienced so much improvement in caries scores between 1966 and 1982 that their oral health was
better than that of lower class children in fluoridated districts. His studies have been criticized for
misclassification of individuals by socioeconomic status and the use of counts of dental fillings, an
imperfect measure of dental caries (Burt and Beltran, 1988). Recently Colquhoun (1990) hypothesized
that fluoridation may have "impeded decay reductions.” Studies by other investigators found a similar
reduction in dental caries among New Zealand children as in other countries (Burt and Beltran, 1988).
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- Diesendorf (1986) claimed that the decline in caries is due not to fluoridation, but to changes in diet,
sugar intake in particular, increased use of antibiotics and improved oral hygiene and immunologic
defenses. As noted below, there is a lack of evidence for the roles played by these factors.

Yiamouyiannis (1990) analyzed raw data from the NIDR survey reported by Brunelle and Carlos
(1990) and, contrary to their findings, reported no differences between the fluoridated and
non-fluoridated groups. Among dissimilarities in his analysis and that of NIDR are 1) his use of the
tooth (DMFT) as the unit of measure, as contrasted with NIDR’s use of a more sensitive measure, the
tooth surfaces (DMFS), 2) his classifying fluoridation status according to the area surveyed rather than
the place of residence, and 3) his lack of incorporating information on the use of suppiemental fluor-
ides. Comparison of his analysis with that of Brunelle and Carlos is impaired by these differences.

SOCIOECONOMIC AND RACIAL DIFFERENCES

The NPDDP study (described above) evaluated the DMFS scores by fluoridation status, age, and
socioeconomic status (SES) quartile based on parent’s education (the higher of the two), occupation,
and family income (Bell et al., 1982). Table 16 shows that the lower the SES quartile, the more tooth
surfaces were saved in fluoridated areas. Thus, at 12 years of age, the mean DMFS score in the
non-fluoridated areas for the lowest quartile was 9.47 compared with 5.71 in fluoridated areas, a
saving of 3.76 tooth surfaces. The corresponding scores for the highest quartile were 6.70 and 4.91,
respectively, for a saving of 1.79 tooth surfaces. The study results also showed markedly higher
DMFS scores among black children in non-fluoridated areas than in fluoridated areas (Figure 7).

TABLE 16

Mean scores for decayed, missing, or filled surfaces
by age and quartile of sociceconomic status (Bell et ai., 1982)

Ages in Years

6 8 10 12

Non-fluoridated ‘

Lowest 25% ‘ 0.68 3.30 5.39 9.47

Next to lowest 25% 0.55 2.67 4.90 8.47

Next to highest 25% 0.52 2.46 4.16 7.23

Highest 25% 0.43 2.09 3.22 6.70
Fluoridated

Lowest 25% 0.52 2.28 3.44 5.71

Next to lowest 25% 0.49 1.92 3.74 497

Next to highest 25% 0.44 1.86 3.27 5.04

Highest 25% 0.36 1.89 2.87 491
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Figure 7. Mean DMFS score, by age, racial/ethnic group, and
fluoridation status (Bell et al., 1982)

In England, the mean dmft scores of S-year-olds in Newcastle, which has had fluoridated water since
1969, were compared with those of children in non-fluoridated Northumberland, according to social
class (Carmichael et al, 1989). There, the Registrar General has defined social class from
professionals (Class I) to laborers (Class V). The lowest social classes (IV and V) had the highest
caries levels, and, in 1976, showed the greatest reduction among those in the city with fluoridated
water (Table 17). A decline in caries scores was recorded in both cities in 1981, and the scores
remained about the same in 1987, except for social classes IV and V, which had the smallest and most
variable samples of children. Similar findings were made in Australia, where the socioeconomic status
of the school was used, based on the occupation of the major breadwinner in each family (Brown et
al., 1990). The data indicate that a substantial proportion of caries is prevented by fluoridation
regardless of social class. Other factors are indicated by the inability of fluoridation alone to reduce
the decay to the same low level among all social classes.

BIOLOGICAL PLAUSIBILITY
An important element in establishing a cause-and-effect relationship is its biological plausibility. The

link between fluoride and the prevention of caries is strong. In the late 1920s, before it was known
that excessive amounts of fluoride could discolor human teeth, investigators noted that it also
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discclored teeth of rats given very high doses (reviewed by Sebrell et al, 1933). McClure and Amold
(1941‘1 nrs; described a reduction in caries among rats given 125 ppm of fiucride in their drinking
waier. Since then, animal experimentation has amply confirmed the observations in humans (McClure,
1962

TABLE 17

Caries experience (1976-1987) in 5 year-old children: in
fiucridated (&) and non-fiuoridated (NF) areas of Northeas; England
in three sccial class group® (Carmichael et al., 1989)

197¢ 1981 1987
Social
Class F NF  Diff (%) F NF Diff (%) K NF  Diff (%)
I1& I 2.5 34 08 (20 1.6 22 1.2 (54 11022 11 (49
I 2.4 8.0 3.6 (60) 1.5 3.6 21 (51 1.7 37 20 (54
IvV&v 26 70 30 (OO 1.5 39 24 (61) 24 5.0 26 (51

* Social class I (orofessional) tc class V (taborer or unemployed) as defined by the Registrar General.
& by E=]

Fluoride in ionic form can act on the dental enamel, dentin, and cementum before the tooth erupts --
that is while it is forming, or after it erupts, through the saliva or blcod or by direct contact with
fluoridated water or dental products. Fluoride preferentially replaces hydroxyl ions in the crystal
lattice structure of enamel, forming fluorapatite (Whitford, 1983; Ekstrand et al, 1988; Ten Cate, 1990;
Silverstone, 1979 and 1988; Silverstone et al, 1981), and it is also deposited in dental plaque (Geddes
and Bowen, 199C). This change in enamel increases its resistance to acid dissolution. When caries
start to form, some of the mineral dissolves and releases fluoride, which enhances remineralization.
Thylstrup (1990) has noted that the decline in caries attributed to flucride is probably the result of a
reduced rate of enamel dissoluticn, rather than the total inhibition or delay in the start of caries.
Although opinion is divided about the degree to which fluoride is effective before or after the teeth
erupt (Beltran and Burt, 1988; Leverett, 1989; Groeneveld et al, 1990), an effect of fluoride available
at the tooth surface has gained wide acceptance. Solutions containing low concentrations of fluoride
(less than 1.0 ppm) have remineralized early carious lesions in vitro, as seen in electron
photomicrographs (Featherstone and Ten Cate, 1988, Ten Cate 1990; Silverstone, 1979 and 1988,
Silverstone et 2l., 1981). This remineralization is not simply reverse demineralization; instead, it is a
process that makes the teeth more acid resistant through the substitution of fluoride for hydroxyl, as
described above (Beltran and Burt, 1988). Topical application may also contribute to remineralization
of the roots of the teeth, and this effect would particularly benefit the eiderly who are prone to root
caries (Beltran and Burt, 1988).

TRENDS CVER TIME

When fiuorides were first used in the 1940s to prevent dental caries, large reductions in caries scores
(about 50 percent) were observed in fluoridated as compared with non-fluoridated communities



(Figure 4). Since the 1970s, caries scores have been declining in both fluoridated and non-fluoridated
communities in Europe, the United States, and elsewhere. Kaminsky and coworkers (1990) list 14
studies of non-fluoridated areas in which the frequency of dental caries declined 17 to 60 percent over
time. When fluoridated and non-fluoridated areas were taken together, a marked decline in caries
scores was also found in three U.S. national surveys conducted between 1971 and 1987 (Figure 8)
(Brunelle and Carlos, 1990).
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Figure 8. Age specific mean DMFS in three national epidemiological
surveys, U.S. (Brunelle and Carlos, 1990)

National decreases have not occurred in all countries, notably Brazil and France where the caries
scores have not changed, and Japan, Nigeria, and Thailand where the scores have increased (Renson,
1986). Various reasons for the declines over time have been suggested. Increased immunologic
defenses or the wide use of new antibiotics might have contributed to the decline in dental caries, but
there are no data to support these theories. Decreased exposure to caries-producing food, sucrose in
particular, has been suggested. Renson found that the patterns of dietary consumption were difficuit to
evaluate because of national differences in reporting dietary as contrasted with commercial use of
sucrose. Furthermore, the proportion of sucrose use to that of com syrup and fructose varies from
country to country.

Areas in which the water supplies were not fluoridated may have received fluoride in other ways.
From a review of the literature, Renson (1986) found that the decline in childhood caries over time
could not be explained by the small, scattered organized programs for a) regular mouthrinsing with
fluoride; b) oral prophylaxis, and dental health education; or ¢) the use of fluoride gels. Fluoride
tablets were used more extensively in a few countries than in others and apparently did reduce DMFT
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scores. Controlled clinical trials of these products, as stated earlier, implicated fluoride as the only
reasonable explanation of the observed reduction in caries scores.

Temporal declines in caries frequencies in other countries followed the increasing market-share for
fluoridated dentrifices, which climbed from as little as 1 percent in 1972 to 9C to 98 percent in 1980
and 1982--in Finiand, New Zealand, the United Kingdom, Australia, Ireland, Denmark, and Colombia.
The market-share in the United States in 1584 was 84 percent, and in the Netherlands it was 82
percent. Countries with lower market shares included France in 1981 with 58 percent and Thailand
with 55 percent in 1981, and Japan in 1983 with 15 percent. Only Japan reported rising DMFT scoies
from 1957 through 1981. Although its dental resources are good and sugar consumption during those
years was low, Japan has a strong environmental lobby that opposes the use of flucrides except for
topical applications by dentists (Renson, 1986). Fluoridated toothpasie is available there only as an
import.

Thus, the global temporal decline in caries scores appears o be due in part 1o the spread of fluorides
through dentrifices into areas with non-fluoridated water supplies. A similer decrease in dental caries
occurred in fluoridated areas -- that is, in addition ic the effect of fiuoridated warer supplies.
Furthermore, food and beverages may be shipped in from areas where the water is fluoridated. In
addition, some people move from non-flucridated to fluoridated areas, and others, who live in
non-fluoridated areas, spend part of the day in areas where they drink from fluoridated water suppilies,

DISAPPEARANCE OF THE EFFECT WHEN THE CAUSE IS REMOVED

A valuable criterion in attributing an effect to an exposure is its disappearance when the £xXposure is
removed. For exposure to flucride, searches have been made for the disappearance of a beneficial
effect -- an increase in caries scores when fluoridation of the water supply is discontinued. Results of
at least six such studies have been reporied.

The water supply of Austin, Minnesota, was fluoridated from 1952 until 1956 (Jordan, 1562). Figure
9 shows an upturn in DMFT scores 2 years after discontinuation among children who were 6,7, 0r8
years old. Among children who were S to 12 years old in the same community, this upturn was not

observed by 1959, the last year in which the children were examined.

In Galesburg, Illinois, naturally fluoridated well-water was used from 1519 uniil May 1959, when the
city switched to non-flucridated water from the Mississippi River. The DMFT scores for children 14
years old were 2.01 in 1938 and 2.02 in 1958. Two years after use of the naturally fluoridated water
was discontinued, these scores rose to 2.7 (Way, 1964).

In Antigo, Wisconsin, the water supply was flucridated from June 1949 until November 1960. Dental
examinations of children in the second, fourth, and sixth grades showed that less than 4 years after the
use of fluoridated water was discontinued the DMFT scores had risen dramatically (Table 18) (Lemke
et al, 1970).

In Wick, Scotland, the water supply was fluoridated from 1969 until 1979, Among children 5 and
years of age, dmfs scores by ciinical examination and radiography went from 7.80 in 1979 t¢ 13.3% in
1984 (Stephen et al, 1987). Fluoridation of the waier supply had beer: discontinued when children in
the 1984 group were infants.
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Figure 9. Comparison of DMFT rates of ages six, seven, and eight years according to year, Austin,

In Karl-Marx-Stadt, East Germany, the water supply was fluoridated in 1959 (1.0 ppm), but from late
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MN; fluoridation started in 1952 and was discontinued in April, 1956 (Jordan, 1962)

TABLE 18

Scores for decayed, missing or filled teeth of children
in Antigo, Wisconsin, by school grade since 1960 when
fluoridation was discontinued. (Lempke et al., 1970)

Grade 1960 1964 1966
Second 0.6 1.7 2.0
Fourth 1.7 2.4 2.9
Sixth 2.4 - 4.6

1970 until 1972 technical problems reduced the fluoride level during this interval to 0.2 1o 0.5 ppm.
From 1973 to 1977 the level was 0.65 to 0.9 ppm. In general, at each year of age from 3 to 15 the
dmft and DMFT scores declined until 1974, when the caries scores rose, 2 years after the fluoride
level was suboptimal (Kunzel, 1980).

The above observations of increased caries scores after fluoridation of water was stopped were made
before the recent substantial temporal declines in dental caries were documented. Since then, a study
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similar to the earlier ones was made in Scotland. In 1983, fluoridation was stopped in the town of
Stranraer. In 1980 DMFT scores among 10-year-olds in Stranraer had been compared with those for
the non-fluoridated town of Annan. The two locales were compared again in 1985 and 1988, 2 and 5
years after fluoridation in Stranraer was stopped (but fluoride-containing dentifrices were widely
available) (Figure 10). At a time of general temporal decline in caries scores, Stranraer’s children
experienced an increase in caries after fluoridation was stopped. For non-fluoridated Annan, however,
caries scores showed a continued temporal decline that is bringing the scores for the two towns
together.

4.00
3‘00 o e oyl g e ey, R ANNAN
m
s 200
- ? STRANRAER
FLUOR!IDATION
1.00 DISCONTINUED
¢
1980 1983 1985 1988

YEAR

Figure 10. DMFT scores in Annan Scotland (never fluoridated) and Stranraer (Fluoridated
until 1983), in 1980, 1985, and 1988 (Attwood and Blinkhorn, 1989 and 1990)

THE COST OF FLUORIDE MODALITIES IN PUBLIC HEALTH PROGRAMS

Water fluoridation has pot only a health benefit but also a cost benefit, to which brief reference is
made here. At a workshop at the University of Michigan (1989), five subgroups individually
estimated the cost-effectiveness of fluoride modalities in preventing dental caries. Table 19 shows the
estimated annual cost of providing fluoride regimens per person served. The cost of fluoridation
decreased as the size of the community increased, and the savings, as compared with the costs of
restorative dentistry, are substantial. As a frame of reference, in the United States the average cost of
simple restorations of teeth ranges from $30 to $45.
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TABLE 19

Estimated Annual Cost of Fluoride Regimens
Per Person Served in Public Health Programs

Method Cost

Community Water Fluoridation

>200,000 Persons $0.12 - 21

10,000-200,000 Persons 18 - .75

National Weighted Average 51
School Water Fluoridation 3.55 -4.73
Fluoride Supplements .81 -5.40
Fluoride Mouthrinse in Schools 52 - 1.78

SUMMARY

The reduction in dental caries among persons exposed to fluorides fulfills all the criteria for a causal
relationship: an association was found with a dose-response effect, the findings were replicated under
a great variety of circumstances by different investigators, alternative explanations and observer bias
have been excluded, the findings are biologically plausible, and the effect, prevention of dental caries,
disappeared when the cause, fluoridation, was removed. The most recent data available, up to 1987,
continue to show that the fluoridation of water supplies substantially reduces the scores of dental
caries. The decline over time in differences in caries scores between fluoridated and non-fluoridated
areas is due in part to the increased availability of fluorides in non-fluoridated areas, as in toothpaste
and other vehicles for fluorides.

The need for research into the best regimens for preventing caries continues as circumstances change
over time. Refined, more specific protocols must be developed conceming the best ways to provide
fluoride to different populations, taking into account their particular age and socioeconomic groups.

The reduction in caries through water fluoridation diminishes the need for restorative dentistry, with its
cost in dollars, pain, loss of teeth, time away from school or work, and risks related to anesthesia. A
particular advantage of fluoridated water is that it reaches rich and poor alike. It provides the greatest
benefit to those who can least afford preventive and restorative dentistry.

THE CONTEMPORARY USE OF FLUORIDES IN CARIES PREVENTION

When H. Trendley Dean first quantified the caries-preventive benefits of fluoride in drinking water, the
only persons with substantial exposures to fluoride were those living in areas where drinking water
contained levels of naturally occurring fluoride (more than 0.7 ppm) or those few persons who were
exposed occupationally. Thus, it was easy to distinguish between those who were exposed to fluoride
and those who were not. Moreover, striking differences were evident in caries scores between persons
exposed or not exposed to fluoride in drinking water.
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nce the advent of fluoridation, new methods of using fluoride have given both children and a
increased opporiunities for fluoride exposure. Toothpaste with fluoride was introduced in the 1850s,
fluoride suppiements and professional fluoride tre:atmentS_became popular in the 1960s, and
mouthrinses containing fluoride became available O public health programs in the early 1970s an
the genera! public in the 1980s. This proliferation of products was stimuiated by the carlies
benofits that had been demonstrated for fluoride and by the desire of health officials to mak
benefits available to those without fluoridated drinking water or to those whe needed additional jevels
of protection from dental caries.

[el

Common practice historically has dictated that the Mo ﬂuorifie'protectiou one received, the better,
Even where cptimal levels of systemic fluoride have been avallaple through drinking water or
supplements, dentai professionals have generally recommended the additional protection of de
containing fluoride, professional fluoride treatments, and fivoride mouthrinses.

Recently, however, some have questioned these traditional apprpaches to the use of fuorid
clinical znd public health practice. With average caries scores in the permanent teeth ¢
declining, is it stili useful to recommend combined forms of fluoride for persons, especial
served by public health programs? Emerging gvidence at?out increases in denta! fiucro
childrer in some communities makes it prudent tO reconsider current recommendations for the use of
fluorides (Pendrys and Stamm, 1990). Furthermore, those who live in non-fivoridaied communities
have partial access to the benefit of fluoridated drinking water through consumpticn of commercial
beverages or foods prepared with fluoridated water, OF through working or going i scheol in areas
where the drinking water is fluoridated (Clovis and Hargreaves, 1988).

The necd to balance the caries-preventive benefits of fluoride against the potential cosmetic concems
of the more advanced forms of dental fluorosis is just as important today as in Dean’s time. Still, the
sources of fluoride are more varied today, and fluoride’s control more complicated. In Dean’s time, if
the flucride content of the water supply could be established at the appropriate level, no conscious
choices about the use of fluoride were required by individugls or professionais. By contrast, there are
now many participants in decisions about fluoride use: dentists decide whether topical fluoride
treatments are offered; dentists and physicians decide whether to prescribe flueride supplements or
recommend other fluoride treatments; adults decide whether to use a toothpaste or mouthrinse
containing fiuoride and whether children will of will not be §upewised in their use of avaiiatle
fluoride products; and industry and government officials demdfa what fiuoride-containing products will
be available, what their constituents will be, and what instructions will be provided for their use.

Without doubt, the variety of available fluorides has comribute‘d greatly to recucing children’s average
dental caries scores (DMFS) from more than 10 in the 1940s down to slighily more than 2 in the
10§0s (Carlos and Wolfe, 1988). The results of hundreds of clinical or community triais have shown
that various fluoride regimens reduce dental caries (University of Michigan, 1589). :
community and school water fluoridation; profcssionajly and self-applied fluoride pastes, rinses, geis,
and solutions: fiuoride tablets and drops; and toothpastes and moaﬁthri.nses centaining fluoride.
Although the results from all studies are not constant, 2 ‘number‘or clinical inals and community
dernonstrations have established that people can further reduce c.er}t.al dC:C-’ﬁY by using multiple forms of
fiuoride (Horowitz, 1989; Ripa, 1989; Leverett, 1989). These additional benefits - si
additive, however. At some point, additional percentage reductions in decay may oifer i

health benefits on a population basis.
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The important challenge for public health officials and clinicians, given muliiple options for fluoride
exposure, is to employ the most appropriate uses of fluorides, both individually and in combination.
In doing so they should: set goals for caries reductions; attempt to maximize the efficiency of fluoride
use; and attempt to minimize the risks of dental fluorosis. Work in these areas has already started:

e Many individuals, health professionals, and health organizations and programs (e.g.
health departments, professional organizations) are working to prevent decay. The
adoption of local water fluoridation and other fluoride-based caries preventive programs
continues, as does the promotion of personal oral health care practices and the
professional use of fluoride-based preventive techniques. At the local, State, and
national level, targets are being set for reduced dental caries scores in populations, in the
proportion of individuals who never experience caries and/or the average level of caries
experienced by individuals (Healthy People 2000, Model Standards).

- In May 1989, at a conference at the University of Michigan, maximizing efficiency in
the prevention of dental caries was addressed (Burt, 1989). Although several fluoride
modalities were found to be effective in reducing caries in children and adults, the
relative costs of these benefits diverged widely. The actual risk of dental caries in
particular groups (for example children, adults, the elderly, and those in institutions) was
an important factor in the benefit-cost relationship. Conference participants concluded
that water fluoridation provided by far the most protection for the resources expended, at
a national average cost of only 51 cents per person annually.

e In March of 1989, at a conference in Pine Mountain, Georgia, minimizing the risk of
dental fluorosis associated with fluoride use was addressed. Dental researchers agreed
that the milder forms of dental fluorosis have increased among children in some U.S.
communities (Pendrys and Stamm, 1990) (See pages 103-115). Although this increase
has not created concern for the overall health or well-being of individuals, it points to
the need for clear reassessment of the current uses of fluoride in caries prevention.

» In Spring, 1991, the University of North Carolina will convene a conference to address
the multiple systemic fluoride exposures possible, towards making recommendations for
optimizing caries-preventive benefits and minimizing risks of dental fluorosis.

Increased levels of fluorosis, although generally associated with lower levels of dental caries, are
not necessary sequelae. By eliminating inappropriate uses of fluoride, people can reduce the risk
of fluorosis without significantly increasing the risk of dental caries. The following are examples
of such inappropriate uses of fluorides:

« The use of fluoride supplements by people in fluoridated communities (Brunelle and
Carlos, 1989; Kumar et al, 1989; Williams and Zwemer, 1990).
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+ The use of inappropriate dosages of dietary fluoride supplements’ in communities
without optimal fluoridation (Levy et al., 1987; Kuthy and McTigue, 1987).

- The unsupervised use of dentifrice containing fluoride by children younger than 6 years
of age, who cannot determinethe proper amount of toothpaste to use, and who may
swallow toothpaste while brushing rather than spitting it out (Smith and Ekstrand, 1988;
Drumond et al., 1990).

e The unsupervised use of a fluoride mouthrinse at schoc! or home by children younger
than 6 years of age, which has resulted in some children swallowing fluoride mouthrinse
(Carlos, 1985).

Although not necessarily inappropriate, some current uses of fluoride may be questioned:

« Many people do not need to use additional forms of fluoride (that is, rinses or
professional fluoride applications) beyond the combination of water fluoridation or
dietary supplements and fluoride toothpaste, when their risk of caries is believed to be
low.

« Are adequaie instructions available from manufacturers, health professionals, and public
programs on the proper use of individual and combined fluoride modalities? Clear
instructions on products intended for use by children are especially critical.

= Are fluoride products for children available in concentrations and amounts that would
confer caries protection while minimizing the chances for dental fluorosis?

The development of toothpastes with a lowered fluoride concentration and the availability of dose
limiting dispensers could be of value,

= On the basis of the observed prevalence of dental fluorosis, Pendrys and Stamm have
suggested that the supplementation schedules for children older than 2 years of age may
be too high (Pendrys and Stamm, 1990). Practitioners should also consider whether
bottled water is being used and what its fluoride content is when deciding whether to
prescribe fluoride supplements and at what dosage (Stannard et al., 1990).

SUMMARY

Those who use or recommend disease prevention iechniques to individual patients or populations need
to take into account: the risk of the disease to an individual or group, the benefits to be achieved by
using a particular technique, the alternative techniques that may be available io prevent or control the

'"The American Academy of Pediatrics and the American Dental Association have developed fluoride
supplement schedules. Different dosages up tc 1.0 mg daily are recommended on the basis of two
factors: 1) the degree of fluoride deficiency in the community water supply, and 2) the age of exposed
children (Table 8, page 30). A low dose could resuli in denying the full caries-preventive benefits,
whereas a high dose could result in an increased risk of dental fluorosis.
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disease, the possible adverse effects, the costs of various techniques, and the practicality of usage.
How and when to use fluorides are difficult decisions for health professionals and the public to make,
given the number of factors involved.

Establishing consensus guidelines for the optimal use of fluorides in the prevention of dental caries
would be a significant aid to individual health professionals in determining the most appropriate uses
of fluorides for their patients. Such guidelines could assist dental product manufacturers, professional
organizations, govemment agencies and individual practitioners in communicating with the public
about the effective and safe use of fluoride-containing products.

Information is available to the public about the fluoride content of drinking water and dental products
as shown in Table 20.

TABLE 20

Sources of information on fluoride content of water and dental products

Fluoride Source

Source of Information on Fluoride

Community drinking water supply

Private drinking water supply {well
or cistern)

Bottled water

« Community water authority (local)
- State health department

» State health department
» University laboratory
 Private laboratory

= Bottled water producer

Topically applied fluoride dental

= Dentists

products: e Product manufacturers (labels
< Toothpastes and direct inquiry)
» Mouthrinses » Food and Drug Administration
» Professionally or personally (FDA)
applied gels and solutions
Systemic Fluoride supplements: » Dentists

= Tablets
= Drops
= Lozenges

» Physicians

« Manufacturers (labels and direct
inquiry)

« Physicians’ Desk Reference

« FDA




OSTEOPOROSIS

For nearly 30 years fluoride (primarily in the form of sodium fiuoride) has been used experimentally
in the United States and therapeutically in other countries to treat osteoporosis. One benefit of
fluoride treatment has been observed by all investigators using modem tone densitometry. The
mineral density of the spine (primarily trabecular bone) increases by as much as 35 percent over four
years (Riggs et al., 1990) as a group median. The increase is continucus and linear over the treatment
period. Some studies (Riggs et al., 1950) have shown small decreases in cortical bone (e.g., at the
mid-shaft radius), causing some investigators to express concer that the bone mass increase is
effectively "stolen” from other portions of the skeleton. It has become clear that an adequate calcium
and vitamin D intake are necessary to avoid inducing osteomalacia and "stealing calcium" from other
skeletal sites. Because of concern regarding the quality of the newly formed fluoride-induced bore,
fracture incidence is recognized as the most important outcome measure in studies of fluoride
treatment for osteoporosis.

Until the last few years, most of the clinical studies of fluoride were open in design and lacked
adequate controls and random design. The minimum dose with a demonstrable effect on bone mass is
about 40 mg NaF daily (Heaney et al., 1989). Based on the success of these uncontrolled studies,
fluoride has been accepted as a treatment for osteoporosis by the licensing bodies of eight Eurcpean
nations and used widely throughout most other countries. Until recently there have been few clinical
trials with a random, controlled design to evaluate the safety and efficacy of fluoride treatment of
postmenopausal osteoporosis, that may lead o vertebral crush fractures of the spine.

Dambacher et al., (1986) reported a small clinical trial (15 patients treated with 80 mg per day
slow-release NaF and 14 patients treated with placebo). After the first year, the treated group had
significantly more vertebral fractures than the placebo group. The difference in the fracture rate
remained constant and significantly different in years two and three. The vertebral bone density
increased, while the total bone density remained constant, during the study. In the treated group 47
percent experienced osteoarticular pain, which was attributed to stress fractures. No controls
experienced these symptoms. No gastric distress was observed. Based on prior studies by these
authors, no calcium or vitamin D supplements were added 1o the treatment program.

Mamelle (1988) described a large and complex trial that compared NaF to a variety of other treatments
that included combinations of calcium, vitamin D and calcitonin. NaF (50 mg daily) was used for 257
patients and the other therapies for 209 patients. Treatment was administered according to a common
protocol by 94 physicians in France. In the first year the mean number of vertebral fractures was not
significantly different between groups. In the second year fewer fractures occurred in the NaF treatcd
group. The composite data for both years shows a trend favoring the NaF group, but no significant
difference. Analysis of individuals experiencing one or more new fractures demonstrated a significant
reduction in the NaF group. There were no differences between the groups in the incidence of
non-vertebral fractures and gastric distress. Ankle and foot pain were significantly worse in the NaF
group; however, appropriate tests for stress fractures Were not conducted.

In response to a Request for Applications by the National Institute of Arthritis and Musculcskeletal
and Skin Diseases, two clinical trials on the fracture efficacy of NaF in osteoporosis were conducted at
the Mayo Clinic (Riggs et al, 1990) and the Henry Ford Hospital (Kleerekoper et al, 1989). The trial
was designed as a double blind, randomized, placebo study of 75 mg per day NaF (37 mg fluoride
ion). Both groups of patients received 1500 mg of calcium per day. Rigorous inclusion and exclusion
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criteria limited the study to well-defined osteoporosis with no confounding metabolic conditions. The
Mayo Clinic study group totaled 202 enrolled patients, while the Henry Ford study had 84 patients,
The protocols were the same, but recruitment and retention problems led to much less statistical power
in the Henry Ford study.

In the Mayo Clinic study (Riggs et al, 1990), which measured bone mass as well as vertebral fractures,
the bone mineral density increased by 35 percent (P < 0.0001) in the lumbar spine, increased by 12
percent in the femoral neck (P < 0.0001), but decreased by 4 percent (P < 0.02) in the radius
(predominately cortical bone). There was no significant difference in the rate of new vertebral
fractures between the NaF and placebo groups (446 and 525 per 1000 person-years, respectively). In
the NaF group the fracture rate was much higher in the first year than in subsequent years. In the
Henry Ford study, (Kleerekoper et al, 1989) the occurrence of new vertebral fractures was not

. significantly different between the NaF and placebo groups (733 and 529 per 1000 person-years,
respectively). Again, vertebral fracture rates were higher in the NaF group during the first year of the
study.

In both studies gastrointestinal side effects were significantly greater in the NaF group than the
placebo group. Hip fractures did not occur at different rates between groups in either study. The
Henry Ford study demonstrated on bone biopsy that 17 percent of the NaF group had mineralization
defects, while none was present in the controls. Episodes of lower extremity pain were significantly
more common in the NaF group compared to the placebo group. Both studies attributed this finding
to the presence of stress (or incomplete) fractures. In the Mayo Clinic study, all nonvertebral fractures
(both complete and incomplete) were shown to be significantly higher in the NaF group.

In 1988, an Intemnational Workshop on Fluoride and Bone (Heaney 1990, personal communication)
met 1o discuss the state-of-knowledge and develop a consensus on the use of fluoride. Fluoride is the
only agent known to produce a continuous gain in vertebral bone mass. Most of the studies on
treatment of osteoporosis with fluoride considered at the workshop were either uncontrolled or did not
include fracture end-points. Where fracture incidence was measured, most showed effectiveness in
reducing vertebral fractures. The Mamelle study, while equivocal, did indicate a benefit especially in
the second year. After considering the generally positive experience with NaF in Europe, where the
drug is approved, the Workshop Consensus approved NaF for osteoporosis therapy at moderate levels
(15 to 25 mg per day fluoride ion, plus calcium and vitamin D) with careful patient management to
monitor and control for side effects (Kraenzlin et al. 1990). After the workshop was completed the
results of the studies at the Mayo Clinic and Henry Ford Hospital became available. These studies
were clearly unable to demonstrate a vertebral fracture reduction with NaF. Side effects were
statistically significant and, in the case of total non-vertebral fractures, of considerable concem to the
investigators. While these recent studies were well designed, critics claim that the higher NaF dosage
may have caused the negative results. It is likely that gastric side effects could be reduced with lower
dosages or other delivery forms (slow-release or coated). There is no evidence that fluoride efficacy in
reducing vertebral fractures would be different with a lower dosage.

Based on these recent data FDA convened an Advisory Committee in the fall of 1989. The
Committee deliberated on a number of questions posed by FDA. The final position of the panel was
that NaF has not been shown to be effective in decreasing the incidence of vertebral fractures resulting
from accompanying osteoporosis at this time. Because of the value of NaF in increasing vertebral
bone mass, the panel encouraged further research.
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In subsequent epidemiologic studies investigators sought to correlate the presence of fluoride in

" drinking water with protection against fractures. One study showed fewer hip fractures in a
fluoridated community (1 mg/L) compared to a similar community with only trace levels of fluoride in
the water (Simonen and Laitinen, 1985).

Recently, an evaluation was made of the incidence of hip fracture rate in two communities, one with 4
mg/L of fluoride in the water, the other with 1 mg/L. The relative risk of fractures of the wrist, spine
and hip in the community with the high fluoride was 2.1 when compared with the other community
(Sowers et al., 1990, Am J of Epidemiol, in press). Refer to page 94 for further discussion of this

paper.
SUMMARY

For nearly 30 years, the administration of fluoride has been used as an experimental therapy tc treat
osteoporosis, but until recently there were no carefully controlled studies to evaluate fluoride as a
treatment. Two recent clinical trials did not show significant reductions in bone fracture rates when
fluoride was used as a treatment. An FDA advisory panel has concluded that fluoride therapy has not
been shown to be effective in decreasing the incidence of vertebral fractures. In several countries the
therapeutic administration of fluoride is approved for 0steoporosis.
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HEALTH RISK ASSESSMENT OF FLUORIDE

INTRODUCTION

In the folowing sections, the effects of fluoride toxicity in animals and in humans are reviewed. In
these studies, different forms of fluoride have been administered, and the effective dose to the
individual may vary. Table 21 provides a conversion between the various forms of fluoride (sodium
fluoride or fluoride) and the units of dosage (parts per million, micromole per liter, and milligram per
liter). The fluoride dose is sometimes administered in terms of body weight (milligrams per kilograms
of body weight). In all cases, we will report the administered dose as described by the author. In this
report fluoridated areas refer to those communities where the drinking water supplies is at the optimal
level 0.7 to 1.2 ppm either naturally or adjusted, whereas, non-fluoridated areas are those below the
optimal level usually less than 0.3 ppm. The amount of fluoride present in those communities
designated non-fluoridated will depend on the specific details in each study described by each author.
The reader can use Table 21 to convert the dose to the appropriate units (Dawes and Ten Cate, 1990).

TABLE 21
Conversion table for form of fluoride

SOLUTION CONCENTRATION

Fluoride (F) Fluoride Sodium Fluoride (NaF)
(ppm) or (mg/L) (umol/L) (ppm) or (mg/L)
0.019 1.0 0.042
0.038 2.0 0.084
0.5 26.3 1.10
1.0 52.6 2.21
10.0 526.3 22.1
100.0 5250.0 220.9
250.0 13160.0 552.7
1000.0 52630.0 2209.2

This review focuses on the risks associated with chronic exposure to fluoride, because risks from these
exposures are more relevant to the exposures encountered with fluoride in drinking water, food, and
dental preparations. Thus, this document will not review the literature on acute high-dose toxicity
from intentional and unintentional administration of fluoride products and from occupational expos-
ures, which especially affects the gastrointestinal and respiratory tracts.

STUDIES INVESTIGATING BONE AND OTHER SKELETAL EFFECTS

ANIMAL STUDIES

The principal sources of fluoride exposure to animals are: 1) pollution from industrial processes and
the contamination of forage; 2) rock phosphate or bone meal containing fluoride in the diet; and 3)
drinking water (Shupe et al., 1982). )

Excessive levels of fluoride can produce abnormalities in both teeth and bore, Skeletal fluorosis

observed in animals is chronic and progressive; it is govemned by several factors, including: 1) the
amount of fluoride ingested; 2) the duration of ingestion or exposure; 3) the type and solubility of the
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fluoride ingested; 4) age at the time of the first exposure; S) the level of nutrition; &) stress; and 7) the
individual’s response.

Skeletal flucrosis in animals is often associated with loss of appetite, decreased lactation, and shifting
leg lameness. Others have reported diarrhea, reproductive failures, anemia, and stunted growth,
(Krook and Maytin, 1979). Most of the scientific reports on skeletal fluorosis in animals focus on
experimental studies in laboratory rodents and on natural and experimental studies in cattle, sheep,
mink, rabbits, chickens, and horses. The sensitivity of these animals to fluoride toxicity based upon
normal acceptable dietary intakes is highly variable, as shown in T able 22. Consequently, data from
interspecies comparisons (including humans) must be interpreted with this in mind.

TABLE 22

Normal dietary levels of fluoride by selected animal species

Species Normal (F) Intake
Dairy Cattle up t0 30 ppm
Beef Cattle _ up to 40 ppm
Sheep up to S0 ppm
Swine up to 70 ppm
Turkeys up to 100 ppm
Chickens up to 150 ppm

(Adapted rom Buck and Osweiler, 1980)

Skeletal fluorosis has been observed in various animals including: swine (Bumell et al., 1986; Wenzel
et al., 1984); catile, deer, and mink (Shupe and Olson, 15823, 1982b; Suttie et al., 1938, 1960, 198S;
Greenwood et al., 1964; Dale and Crampton, 1955; Krook and Maylin, 1979); chickens, (Lundy et al.,
1986); and horses {Shupe and Olson, 1971). Skeletal fluorosis within rodents, dogs, and cattle
deserves more detailed discussion because these species have been studied more externsively.

Rodents: Experimentally, skeletal fluorosis has been produced in a variety of laboratory species, but
most frequently in the rat and mouse (Baylink et al., 1970; Qiu et al., 1987; Ream, 1981; Weber and
Reid, 1969; Stookey et al., 1963; Suttie and Phillips, 195%; Zipkin and McClure, 1952). Studies in
rats given excessive amounts (50 or 80 mg/L) of fluoride in the drinking water for 8 months showed
inhibition of bone formation and osteomalacia (Qiu et al., 1987). Other investigators have reported
defective collagen synthesis (Usla, 1983) and decreased bone growth (Harrison et al.,, 1984} in rats
given 14 and 41 mg/kg/day for 30 days and 5 weeks, respectively. Diets high in fat have been
reported to increase deposition of fluoride in bone and, thus, to enhance toxicity (Miller and Phillips,
1955).

Canines: Studies in dogs given 0.7 mg/kg/day sodium fluoride for 6 months resulted in histological
bone lesions of skeletal fluorosis, with toxic effects on osteoblasts and osteoclasts (Snow and
Anderson, 1986).

Cattle: In studies of bovine skeletal fluorosis, various investigators describe tone changes ranging
from exostotic and ostecpetrotic lesions to osteomalacia lesions of the borne. Lesions were described
in metatarsals and metacarpals, femurs, patellas, ribs, vertebrae, and mandibles. In the metatarsal and
metacarpal bones, changes were moie pronounced and occurred earlier, according (o ihe investigarors,
because of increased mobility and physical stress. Joints may be involved in long-term chronic
fluorosis, with bridging, fusion, and ankylosing spondylitis and with degenerative arthrosis and
inflammatory arthritis. Ligament ossification has also been ohserved in long-term cases. Microscopic
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and morphologic changes include loss of collagen birefrigency, failure of bone resorption by osteolytic
osteolysis, numerous osteoid seams, and atrophy of osteoblasts and osteonecrosis. (Shupe et al.,
1963a, 1963b, 1964; Shupe and Alther, 1966; Shupe, 1980; Suttie et al., 1960: Greenwood et al,,
1964; Dale and Crampton, 1955; Krook and Maylin, 1979).

HUMAN STUDIES

Fluoride has a complex dose-related action on bone. Both bone metabolism and mineralization are
affected by fluoride ions. Fluoride increases bone formation mainly through a stimulation or
recruitment of proliferative cells to increase the number of osteoblasts. Fluoride may decrease
resorption indirectly by enhancing production of mineral tissue that is less soluble (Grynpas, 1990).
Direct effects are also possible. Fluoride is incorporated more readily into mineralizing new bone
rather than existing bone. This factor may explain fluoride’s seemingly larger effect on trabecular
bone that has more rapid turnover.

Fluoride increases the stability of the crystal lattice in bone, by substitution of fluoride for hydroxyl
ion in the crystal lattice, but makes bone more brittle. In one case report (Carter and Beaupre, 1990)
based on a 45-year-old man with endemic fluorosis, compressive strength of bone was increased by 25
percent, while tensile strength decreased by 40 percent. Mechanical failure and fracture propagation
are influenced strongly by tensile strength. Long bones and individual struts of trabecular bone are
subjected to tensile loads. At the structural level, it is a complex and difficult problem to determine
the optimal balance between the increase in bone mass and the decrease in tensile strength. In a recent
unpublished study, the effect of fluoride on bone strength was found to be biphasic with an optimum
strength at 10 to 20 percent substitution (Heaney, 1990 personal communication) of fluoride in the
crystal lattice.

Human Skeletal Fluorosis

The preclinical and three clinical stages of skeletal fluorosis (Smith and Hodge, 1979) are described in
Table 23, along with reported correlations of accumulated fluoride in bone ash to the osteosclerotic
phase (Franke et al., 1975; Schlegal, 1974). The earliest bone changes associated with skeletal
fluorosis are radiographic enlargements of trabeculae in the lumbar spine. These preclinical findings
have been associated with bone ash fluoride concentrations of 3,500 to 4,500 ppm. Singh and Jolly
(1970) reported that osteosclerosis in the pelvis and vertebral column, coarse trabeculae, and diffuse
increased bone density of clinical phase I are seen in industrial cases but rarely are reported in areas
where fluorosis is endemic. Most of the latter cases show the more severe changes of phases II or the
crippling fluorosis of phase IIl. Bone changes observed in human skeletal fluorosis are structural and
functional, with a combination of: 1) osteosclerosis, the predominant lesion in fluorosis patients who
have an adequate dietary intake of calcium; 2) osteomalacia, which predominates in patients who have
a marginal or suboptimal dietary intake of calcium; 3) osteoporosis and exostosis formation of varying
degrees; and 4) secondary hyperparathyroidism in a proportion of patients (Krishnamachari, 1986).

Boivin and coworkers (1988) reported measuring bone fluoride content from iliac crest bone to
determine the degree of fluoride retained in bone and, over time, the amount of fluoride eliminated.
Subjects with skeletal fluorosis primarily of an industrial etiology, had bone fluoride values over 0.50
percent of bone ash by weight, and the values were always statistically higher than the highest control
value, 0.10 percent (p < 0.001). Fluoride retention in bone appeared to be higher in cases of greater
fluoride exposure, even if that exposure was difficult to define precisely.

The total quantity-of fluoride ingested is the single most important factor in determining the clinical
course of skeletal fluorosis (Krishnamachari, 1986); the severity of symptoms correlates directly with
the level and duration of exposure (Fisher et al., 1989). As most commonly reported for a person to
develop crippling skeletal fluorosis, he or she must ingest 20 to 80 mg/day of fluoride (the equivalent
to 10 ppm fluoridated water) for 10 to 20 years (Hodge and Smith, 1965; Hodge, 1979; WHO, 1984;
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TABLE 22

Preciirical and clinical stages of human skeletal fluorosis
and correlation of bone ash fluoride conceniration

ASH
OSTEOSCLEROTIC PHASE CONCENTRATICN
{mg F/kg)
grmal Bone 500 - 1,000
Preclinical Phass 3,5G0 - 5,206
asympoman <

slight radiowaphicaﬁy—detectable
increases in bone mass

Clinical Phase i 6,006 - 7,600
sporadic pain; stiffness of joints;
ostecsclerosis of pelws &

vertebral ceolumn

Clinical Ph

bhmmr‘ 3 2. T arthritic symptioms;
slignt celcification of 112::16112:

increased oste OSdCzOSIS/“aHCCHOLS bones;
with/without ostecporosis of long bones

7,500 - 6,000

Phase I1I; Cripoling Fluorosis >8,400
Himitation of joint movement;

" caicification of ligaments/neck,vert. column;

crippling defoxmmes/spine & major joints;

muscle wasting:

neurological defects/compression of spinal cord

(Adapted from: Smith and Hodge, 1979; Franke et al., 1975; Schlegal, 1974)

National Academy of Science, 1980). For endemic, tropical areas, the level of clinical effect for
skeletal fluorosis is less certain (National Academy of Science, 1980); Singh and Jjolly (1970} stated
that it may not be possible to determine the average minimal dose of fluoride needed o produce
skeletal fluorosis, because of individual variations and the crude level of water analysis in many of the
endemic areas.

For almost 40 years, investigators in the United States have searched for evidence of skeletal fluorosis

Radiographic changes in bone indicative of skeletal fluorosis, changeQ in bone mass, and efiects on
skeletal mamvano were not observed at water fluoride concentrations of 1.2 mg/L for 10 years and
from 3

m 3.3 10 rxﬂgfb for a lifetime (Hodge and Smith, 1981; Sowers et al., 1986; Schksnger et al.,
56; MCC ey and WicClure, 1954). In a survey of 170,000 radiographs of patients living in Texas
é

7ith water fluoride levels between 4 and 8 mg/L, Sicvenson and Watson (1857) found
€ rac‘ crapmc osteoscierosis, but ne evidence of skeletal flu

B0 ket
W i3 \0

Skeizstal fluorosis is highly variable in its clinical severity among individuals living in the same
environment and exposed to the same risk of fluoride ingestion (Knshnamacml , 1986‘

20 vears, only 1

five cases of crippling skeletal fluorosis have been reported in the literatur
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United States (Sauerbrunn et al., 1965; Goldman et al., 1971; Fisher et al., 1981 & 1989; Bruns and
Tytle, 1988). Yet, over several generations many individuals in U.S. have consumed water containing
high natural levels of fluoride, without demonstrating signs or symptoms of skeletal fluorosis. The
unequal world-wide distribution of this disorder generally has been ascribed to unidentified dietary
factors that render the skeleton more or less susceptible.  Whitford (1989) suggests that differences
among populations with respect to fluoride metabolism and fluoride balance are responsible.
Acid-base status and the concomitant changes in urinary pH (Whitford and Reynolds, 1979) are the
most important contributors to population variation.

In the five cases of crippling skeletal fluorosis in the United States, retrospectively assessed, exposure
to natural levels of fluoride in drinking water ranged from 3.9 to 8.0 mg/L. All possible confounding
factors were not addressed. Two of these cases were associated with daily consumption of up to 6
liters of water containing fluoride levels of 2.4 to 3.5 ppm in one case and 4.0 to 7.8 ppm in the other
(Sauerbrunn et al., 1965; Goldman et al., 1971). Large quantities of tea, itself high in fluoride, were
consumed daily as well. The total fluoride intake was estimated to be 15 to 20 mg/day for 20 years.
The third case involved a 65 year old Mexican immigrant, who had resided in the United States only a
few months; the patient sought medical care because of symptoms of spinal cord compression (Fisher
et al., 1989). Radiographic skeletal findings for this individual were consistent with osteosclerotic
changes suggestive of skeletal fluorosis. The urine fluoride content was 3.39 mg/L, with an ashed
vertebral bone fluoride content of 1,900 ug/g of bone. Analysis of the drinking water from a village
in northern Mexico where the patient lived showed a fluoride level of 3.91 mg/L, and results from
additional samples from the geographic area ranged from 0.1 to 5.5 mg/L. For the other two
diagnosed U.S. cases of skeletal fluorosis, the level of fluoride exposure and duration are unknown
(Fisher et al., 1989; Bruns and Tytle, 1988).

In India, Tanzania, and South Africa, crippling forms of skeletal fluorosis have been reported in
pediatric age groups (Moudgil et al., 1986; Krishnamachari, 1986). Endemic bent knee is observed
primarily in young and adolescent boys and is characterized by: simultaneous exostoses and
compression fractures; low calcium intake, and simultaneous osteomalacia; osteosclerosis; and
osteoporosis with secondary hyperparathyroidism. Moudgil and coworkers (1986) described 10
children less than 5 years old, and 31 additional children from a rural village in India who had
consumed water containing between 7.3 and 29 mg/L of fluoride. These children were reported to
have clinical and radiographic evidence of crippling skeletal deformities. A spectrum of radiological
changes were observed: osteoporosis; osteosclerosis; findings suggestive of rickets and
hyperparathyroidism; and renal osteodystrophy.

Severe crippling fluorosis is not seen in all residents of endemic areas; age of exposure as well as dose
and duration of fluoride intake are critical in predicting the clinical signs and symptoms of skeletal
fluorosis. Other factors reported to influence the incidence of skeletal fluorosis include: nutritional
and calcium deficiencies; renal insufficiency (Singh and Jolly, 1970); the level of bone turnover
(Boivin et al., 1988); and diets containing high levels of fluoride (Sauerbrunn et al.,1965; Goldman et
al, 1971). Also, in certain occupational settings, the duration and exposure from the inhalation of
products of manufacturing, e.g., aluminum, steel, iron, pesticides, fertilizers, and smelting of precious
metals (Hodge and Smith, 1972). Other factors influencing skeletal fluorosis include soil type or areas
of volcanic rock, geophasia, syndromes of polydipsia, excessive water consumption (Fisher et al.,
1989), and the type of physical activity (Singh and Jolly, 1970). Finally, the following factors have
been associated with increased incidence of skeletal fluorosis: pre-existing inflammation; increased
serum haptoglobin levels; cortisol levels (Susheela et al., 1988); the use of fluoride in the treatment of
multiple myeloma and osteopenic conditions; and the use of niflumic acid in the treatment of
inflammatory conditions (Bruns and Tytle, 1988).
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Osteogenic Effects and Bone Fractures

The issue of the role of fluoride in the eticlogy of bone fractures initially appeared as a consequence
of the findings of clinical trials using fluoride as a treatment for osteoporosis (see page 76). However,
several community studies have further investigated this relationship. In one study, 39 countries with
varying levels of calcium and concentrations of fluoride ranging from 0.005 mg/L in Sandweli to 0.53
mg/L in Birmingham, United Kingdom were compared. No significant correlations were found
between the level of water flucridation or calcium and the prevalence of hip fractures (Cooper, 1950).

Another geographical correlational study of kip fracture in the United States observed a small but
positive correlation between the incidence of hip fracture and diet, calcium content, and fluoride levels
(Jacobson et al., 1990). In the most comprehensive study to date, Sowers and coworkers (in press;
studied women in three demographicaily similar rural communities. The communities were identified
on the basis of both fluoride and calcium levels in the drinking water supplies. One community (high
fluoride, low calcium) had natural levels of fiuoride of 4 mg/L. and calcium levels of 13 mg/L; the
second community had water calcium levels of 375 mg/L, and 1 mg/L fluoride while the controi
community had fiuoride levels of 1 mg/L and calcium levels of 67 mg/L. There were no significant
differences in the five-year risk of fractures occurring at the wrist, spine, or hip in the high calcium
versus the control community, there was a two-fold increased risk of fractures of all sites in among
women 55-80 vears of age in the higher fluoride community when compared with the control
community. Possible confounding facters such as hormone use, body size and weight, age, and
dietary intake of calcium wers examined and were not found to be exerting any differential effects in
the study communities.

SUMMARY

In summary, human crippling skeletal fluorosis is endemic in several countries of the world, but is
extremely rare in the United States. A number of factors govern the amount of fluoride deposited in
the skeleton. Imporiant faciors include: 1) age at exposure; 2) the duration of exposure; 3) the dose
of fluoride (as reflected in the blood cencentration); 4) nutritional status; 5) renal status; and 6}
individual biological variation. Currently, the body of data on the rcle of fluoride in the eticlogy of
fractures is not resclved. Further analytical studies are warranted to investigate various aspects of this
relationship.

STUDIES INVESTIGATING THE EFFECTS OF FLUORIDE ON TEETH
CLASSIFICATION AND DIAGNOSTIC CRITERIA

Some confusion surrounds the use of the terms "dental fluorosis” and "mottled enamel." "Dentai
fluorosis” describes fluoride-induced lesions of the dental enamel only, while "mottled” or "discoiored
enamel” covers a broader clinical spectrum of lesions which include both fluoride- and
nonfluoride-induced opacities (Fejerskov et al., 1990; Small and Murray, 1978). Thus, enamel
opacities may be classified into three categories: fluoride-induced opacities, i.e., dental fluorosis;
nonfluoride-induced opacities of known eticlogy; and idiopathic opacities (Cutress and Suckling,
1990).

Nonfiuoride-induced opacities include all categories of opacities with a known etiology, but are not
defined as fluorosis. They are discrete, demarcated, and, in general, distributed asymmetrically. These
opacities often affect a single tooth or rarely, multiple teeth, and are a result of systemic or local
causes. For example, non-flucride-induced opacities that may appear distributed symmetrically can be
attributed to: trauma, infection, irradiation, environmental, diug, or genetic factors. Idiopathic
opacities may exhibit characteristics of dental fluorosis, but are without an apparent history ©
significant fluoride ingestion, and are aitributed to trace elements, for example, strontium, seienium, of
“idiopathic" diseases (Cutress et al., 1985; Curzon and Spector, 1977).
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Dental fluorosis is a chronic, fluoride-induced condition, in which enamel development is disrupted
and the enamel hypomineralized (Dean, 1934; Dean and Elvove, 1936; Murray, 1986; Cutress and
Suckling, 1990). It is a clinical diagnosis which always should be supported by an adequate history of
exposure to fluoride. Dean (1934, 1942b) described the original clinical classification system for
measuring dental fluorosis, and his 1942 version is used today. Dental fluorosis, as described by this
index, ranges from normal (no evidence of fluorosis); to very mild or mild (white opacities involving
less than 50 percent of the tooth surface); to moderate (opacities involving more than 50 percent of the
tooth surface); to severe (the entire tooth surface is involved, accompanied by varying degrees of
pitting of the enamel which in the most advanced forms may alter the shape of the tooth). Extrinsic
brown stains frequently are observed with moderate and severe dental fluorosis, but are not a criterion
for classifying fluorosis. (See Appendix B for further description of these categories.)

Morphologically, the findings support the research model that fluoride affects the forming enamel by
making it porous. The degree and extent of the porosity depend on the concentration of fluoride in
tissue fluids when the teeth are developing (Fejerskov et al., 1990). Regardless of the degree of
enamel porosity, the teeth are not discolored at the time of eruption. The discoloration occurs after
eruption because of the uptake of exogenous stains mainly from the diet. Porosity and discoloration
can vary in degree among different areas of the same tooth. Histologically, the chalky white areas of
fluorosed teeth show hypomineralization of the enamel beneath a relatively well-mineralized surface.
The distribution of enamel defects associated with dental fluorosis is described as nondiscrete and
bilaterally symmetrical in the dentition (Cutress and Suckling, 1990).

The clinical criteria of these indices appear to identify most cases of dental fluorosis (Cutress et al.,
1985; Cutress and Suckling, 1990). Many investigators in this field of study express confidence in
their diagnoses of dental fluorosis, stating that dental fluorosis in humans has a characteristic
appearance, in terms of distribution within the dentition of an individual and the distinguishing enamel
features (Dean, 1934, 1942b; Thylstrup and Fejerskov, 1978; Fejerskov et al., 1988; Horowitz, 1986).
Others (Small and Murray, 1978; Moller, 1982) report greater difficulty in a differential diagnosis,
indicating "the less severe the observed defects, the greater the diagnostic problem.” Confidence in the
diagnosis of fluorosis increases with the higher prevalence and increased severity of defects; problems
of diagnosis increase with lower prevalence and severity (Cutress and Suckling, 1990). In the United
States, where the majority of cases are of the very mild and mild categories, such diagnostic problems
might contribute to the variability of dental fluorosis prevalences reported.

Enamel biopsies have been tested as a diagnostic measure of enamel fluoride concentration in dental
fluorosis; however, inconsistencies in the thickness of the enamel biopsy have hindered their
usefulness. In a study of serial biopsies of surface enamel (Richards et al., 1989), investigators
demonstrated a consistent positive association between enamel fluoride concentration and moderate to
severe enamel fluorosis, but no consistent association was found for milder forms of fluorosis.
Experimental use of proton microprobe scans in vivo (sheep) has demonstrated promising results that
correlate positive surface enamel and dentin fluoride concentrations with clinical diagnoses of dental
fluorosis (Nelson et al., 1989).

Little research on the psychological effects of dental fluorosis on children and adults has been
conducted, perhaps because the majority of those who have the milder forms of dental fluorosis are
unaware of this condition. Similarly, there are few reports on frequency of dental treatment by stage
of dental fluorosis (e.g., cosmetic treatment of dental fluorosis and the restorative treatment needed
because unsupporied enamel in severely fluoresced teeth has fractured). Although definitive studies
have not been conducted, improved clinical methods for correcting aesthetically objectionable fluorosis
have been introduced in recent years. Vital bleaching, abrasion, and bonded veneers are being used by
many clinicians. These methods are relatively simple to perform, and can correct the cosmetic effects
of dental fluorosis.

49.



DENTAL FLUOROSIS INDICES USED IN ORAL EPIDEMIOLOGIC SURVEYS

Several indices have been developed to measure dental fluorosis in epidemiologic studies. The most
common indices are: Dean’s Fluorosis Index (1934, 1942b); the Thylstrup-Fejerskov Index, or TF
Index (Thylstrup and Fejerskov, 1978); the Tooth Surface Index of Fluorosis, or TSIF (Horowitz et al.,
1984); and the Developmental Defects of Dental Enamel Index or DDE (FDI, 1982). Recently, the
Fluoresis Risk Index (Pendrys, 1990) has been introduced.

Differences exist among the various indices. Dean’s Fluorosis Index scores all teeth, but uses only the
two most severely affected teeth to classify an individual person. The TSIF and TF indices score
fluorosis of all tooth surfaces, and can be used to report the percentage of tooth surfaces affected as
well as the percentage of individuals affected. When the TF index is used, the teeth are dried before
they are scored, leading to a measurable elevation of the frequency of opaque tooth enamel areas
compared to other measures. The Fluorosis Risk Index relates the risk of dental fluorosis to the
varying time of development of the dentition and the exposure to fluoride sources. This index divides
the occlusal and buccal enamel surfaces into four zones, assigning each zone one of two classifications
based on the age at which the zones begin to form. Choice of an index may depend on the purpose of
the study.

DENTAL FLUOROSIS AND DENTAL CARIES

Dean and Elvove (1936a) found that with increasing concentrations of fluoride in water, the prevalence
of dental fluorosis increased. Dean (1938, 1942c) also reported that with increasing dental fluorosis,
the proportion of caries-free individuals increased. Dean and coworkers (1936a, 1936b) observed
individuals in two cities with natural water fluoride concentrations of 0.6 and 0.9 mg/L and found
prevalences of very mild dental fluorosis of 2.9 and 10.6 percent, respectively. From these data comes
the often quoted statement of Dean (1936b), "from the continuous use of water containing about 1 part
per million, it is probable that the very mildest forms of mottled enamel may develop in about 10
percent of the group." Later, in his 21 U.S. city survey, Dean (1942a, 1942c) reported dental fluorosis
prevalences of approximately 12 percent (in one community with a natural water fluoride concentration
of 0.9 mg/L).

The "optimal” level of fluoride in drinking water was determined empirically by Dean (1942b). Dean
plotted two curves--dental caries experience versus natural water fluoride concentration and dental
fluorosis prevalence versus natural water fluoride concentration (Figure 11). With respect to fluoride
concentration in drinking water, the intersection of the two curves at 1 mg/L of fluoride represented
the minimal levels of both dental caries and dental fluorosis. Thus, the recommendation of an
"optimum" fluoride concentration of 1 mg/L fluoride attempted to maximize the caries preventive
benefits of fluoride, and at the same time attempted to minimize the likelihood of dental fluorosis.

On the basis of studies in which geographic region, climate, and mean water consumption were
assessed, the "optimal” level of 1.0 mg/L fluoride was modified to represent a range from 071012
mg/L, depending on the annual mean of maximum daily air temperature of the geographic location
(Galagan et al., 1957a, 1957b). More recently, under the provisions of the U.S. Environmental
Protection Agency’s (EPA) Safe Drinking Water Act of 1974, the EPA set, on April 2, 1986, drinking
water regulations for fluoride as follows: 1) "a Primary Maximum Contaminant Level of 4 mg F/L to
protect against crippling skeletal fluorosis,” and 2) "a Secondary Maximum Contaminant Level of 2

mg F/L to protect against moderate to severe dental fluorosis” (EPA, 1986).
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Figure 11. Dental caries and dental fluorosis in
relation to flouride in public water supplies.

DENTAL FLUOROSIS PREVALENCE

In Appendix C, the major studies of dental fluorosis prevalence in the United States and Canada from
1939 to 1987 are listed. Studies of dental fluorosis in Africa, India, Europe, and Australia exist, but
for purposes of this report, data were restricted to North America. The studies are categorized
according to the survey time period and the index used to measure dental fluorosis: (Table C-1)
Dean’s 21-city survey, 1940s; (Table C-2) studies of the 1980s in which Dean’s Index is used; (Table
C-3) studies of the 1980s in which the TSIF Index is used; (Table C-4) studies in which the T-F Index
is used; and (Table C-5) studies in which the Index was not reported.

In 1939-1940, Dean and co-investigators (1941, 1942a) surveyed approximately 7,000 children in 21
cities in Ilinois, Indiana, Ohio, and Colorado where the natural fluoride content of drinking water
ranged from 0.0 to 2.6 mg/L. During the 1980s, approximately 5,800 children in 28 communities with
water fluoride concentrations ranging from 0.0 to 4.3 mg/L were examined, using Dean’s Index, to
estimate the prevalence and severity of dental fluorosis. In addition, at least 13 communities in the
1980s have been surveyed using the TSIF index.

The only national data on dental fluorosis were reported by the National Institute of Dental Research
(NIDR) from a 1986-1987 survey of 32,241 U.S. schoolchildren. The representative sample included
areas that were non-fluoridated, optimally fluoridated, and highly fluoridated; however, the prevalence
figures were not reported by water fluoride concentrations (Brunelle, 1989). Total prevalence of dental
fluorosis, according to Dean’s index, was reported as 22.3 percent (17.0 percent very mild, 4.0 percent
mild, 1.0 percent moderate, and 0.3 percent severe thus, of the fluorosis that did occur, less than 6
percent was the moderate or severe category). These data can serve as the national baseline for future
dental fluorosis studies in the United States.
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TRENDS IN PREVALENCE OF DENTAL FLUGROSIS

With the available epidemiological studies on dental fiuorosis, the prevalence of dental flucrosis ove
time can be assessed by using three types of comparisons:

(1) Comparison, 5 years apart (1980 and 1983), of dental flucrosis in the same ¢ities, and iz many of
the same children, using the same index (TSIF) and the same examiners,

(2) Comparison, 30 to 40 years apart {1940 to 1980 and 1933 to 1983), of dental fluorosis in the

IVERS24

same cities, using the same index (Dean’s Fluorosis Index), but diffsrent examiners,

(3) Comparison, 40 or more years apart (1540s to 1980s), in different cities, but wih similar water
fluoride concentrations, using the same index (Dean’s Flucrosis Index) and diffsrent examiness.

A description of each comparison fcllows. For all comparisons, fiuoride intake from sources other
than water is not controlied in these cbservations.

1980 and 1985 Comparison Wiih the TSIF Index

In 1980 and 1985, epidemiologists from the National Institute of Dental Research a

sectionally the prevalence of dental caries and denial fiuorosis among lifelong s:de Lt c’_ildren, 2
to 10 and 132 to 15, in four areas of Minois with water flucride concentrations v:“ %

four times the recommended

optimal level! for the gecgraphic arca (Heifeiz et al., i9
scores dental fluorosis by tooth surface rather than by in

The siudy was 10*1g1tudma1 for children 8 to 10 years of age in 1980 who were still available in the 12
to 15 year age group in 1985 (Tables 24 and 25). Follow-up examinations of denta! fluores:
are in progress in these same communities.

U)
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Findings from the cross-sectional and longitudinal datz, as reported by the investigators, indicated that:

o In 1985, in optimally fluoridated areas, approximately 71 percent of all tocoth surfaces wer
reported to be "unaffected” (TSIF category 0) by dentai flucrosis.

(¢}

« Investigaters examined changes in the severity of £ oroszs from i Sf‘ to 1985, They
suggest that both milder (TSIF categories 1, 2, 3) & rie
4,5, 6, 7) forms of dental fluorosis varied, by w a'e f uoride lev el ‘d age (Table 24, and
Appendix C, Table C-3). At the optimal fiuoride level (1 mg/L}, the percentage of surfaces
affected by milder forms of fluorosis increased from 1980 ic 1985, but the percentage for
moderate-to-severe forms remained virtually unchanged during that period. At fluenide
levels above optimum, particularly at two times optimal, notable increases in the severity of
fluerosis occurred for 13- to 15-year-oids, but not for 8- to 10- -year-olds.

» Inthe 1985 survey, the two and thres times optmal water fluoride comm .,vs had &
similar prevalence of dental fluorcsis. For 8- to 10-year-cids (Table /_4),
revalence of affected tooth surfaces at two and threg times opfma- ievels
percent; for 13- to 13-year-olds, the difference was less than 3 percentage cg,:f
69.2 percent).

Using data reported by Heifetz and coworkers (1988), the ¢ Ji Ho Subﬂom.m
in dental fluorcsis between the age cohorts by the period of fluorosis sLsce;J;
years) for each cohort. Table 25, though not part of the h:;fet" et al. (3988) p




TABLE 24

Percent distribution of dental fluorosis for all tooth surfaces;
by age and water fluoride level, 1980 and 1985

Percent distribution of TSIF* scores for all tooth surfaces

Water
Fluoride

Level | 1980 1985

Children
8- to 10-Years-old 0 1to3 4107 1to7 0 1to3 4107 l1to7
Optimal (1X) 81.2 18.7 0.1 18.8 72.0 28.0 0.1 28.1
(2X) Optimal 52.9 46.7 0.4 47.1 48.0 50.7 1.3 52.0

_ (3X) Optimal 48.5 49.6 1.9 51.5 48.0 49.9 2.1 52.0

(4X) Optimal 30.3 65.3 4.4 69.7 24.2 70.6 52 75.8
Children
13- to 15-Years-old
Optimal (1X) 88.6 11.4 0.0 114 70.7 29.3 <0.1 29.3
(2X) Optimal 61.7 38.2 0.1 38.3 33.5 64.9 1.6 66.5
(3X) Optimal 54.0 44.9 1.0 45.9 30.8 66.7 2.5 69.2
(4X) Optimal 36.9 60.9 22 63.1 225 71.7 5.9 77.5

(Adapted from:

* TSIF scores:

Numerical
Scores

Heifetz et al., 1988)

Descriptive Criteria

0
1

Enamel shows no evidence of fluorosis.

Enamel shows definite evidence of fluorosis, namely areas with parchment-white color
that total less then 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™).

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

Parchment-white fluorosis totals at least two-thirds of the visible surface.

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.

Discrete pitting of the enamel exists, unaccompanied by evidence of staining of intact
enamel. A pit is defined as a definite physical defect in 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.

Both discrete pitting and staining of the intact enamel exist.

Confluent pitting of the enamel surface exists. Larger areas of enamel may be missing
and the anatomy of the tooth may be altered. Dark-brown stain is usually present.
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TABLE 25
Year of birth, fluoride intake period, year of examination,
age cohort, and number of individuals examined -- by water fluoride level.

Year of Birth Birth Year to Age 5 Dental Fluorosis Age of Children Number of Individuals Examined
or Exam Group (Yrs) Examination Year  at Exam Year (Yrs) Water Fluoride Levels (X Opt.)
(Fluoride Intake Period) (1%X) (2X) 3Xx) (4X)
1965 to 1967 1965 10 1972 1980 1310 15 111 39 50 34
1970 to 1972 1970 w0 1977 1980 8 to 10 113 61 82 59
1970 to 1972 1970 to 1977 1985 1310 15 94 23 47 29
1975 to 1977 1975 to 1982 1985 8 to 10 156 102 112 62

(Adapted from: Heifetz et al., 1988)



various age cohorts by period of susceptibility to dental fluorosis and water fluoride level. From the
investigators’ discussion of the relationship of observed scores to temporal ingestion of fluoride during
cohort periods of tooth development and fluorosis susceptibility, one might infer that in these
communities and at all levels of water fluoride intake was lowest from 1965 to 1970.

The data concerning the nature and extent of fluoride intake and its relationship also suggest that:

 Fluoride intake increased about 1970, after which it has remained relatively constant
through 1982.

» From 1980 to 1985, the prevalence of dental fluorosis in 13- to 15-year-olds, at each water
fluoride level, increased substantially (Table 24). Such cross-sectional increases in dental
fluorosis likely reflect notable increases in fluoride intake during the period of tooth
development. For the cohort examined in 1985, those years were 1970 to 1977; for 1980
examinees, the developmental period was 1965 to 1972 (see Table 25). These dates suggest
that increases in fluoride intake occurred as early as 1970.

« Further evidence for this likely increase in fluoride intake comes from the 1980 cross-
sectional survey (Table 24). At each water fluoride level, 8- to 10-year-olds exhibited more
dental fluorosis than did 13- to 15-year-olds. Correlating this finding with the respective
periods of tooth development for each cohort, reinforces the likelihood that fluoride intake
was greater in 1970 to 1977 than in 1965 to 1972.

To examine whether the observed cross-sectional differences were spurious, the -
investigators made longitudinal comparisons, using the cohort born in 1970 to 1972, and
examined both in 1980 (as 8 -to 10-year-olds) and in 1985 (as 13- to 15-year-olds).
Surface-specific comparisons of teeth present at both examinations (first permanent molars)
indicated little or no change in the intensity of fluorosis over the 5 years (data are not
presented in this paper). For this reason, the investigators concluded that posteruptive
mineralization or abrasion over time could not account for the observed differences in
dental fluorosis. Findings by Aasenden and Peebles (1974, 1978), however, suggest that
changes (fading) in observed dental fluorosis (particularly very mild and mild) over time
may occur in the incisors, if not in the molars, and the use of first molars only to look for
possible changes in fluorosis may be questionable.

« From 1980 to 1985, changes in percentages of tooth surfaces affected by dental fluorosis in
8- to 10-year-old children were far less pronounced than changes in prevalence among 13-
to 15-year-olds (Table 24). In light of the critical period of tooth development for each
cohort, the data reflected little to no change in fluoride intake for the time periods 1970-77
and 1975-82, with the possible exception of the optimally fluoridated (1X Opt.)
communities.

Comparison Between Dental Fluorosis Levels Found During the 1940s and 1980s as Measured by
Dean’s Fluorosis Index |

During the 1980s, investigators surveyed three cities that had been surveyed previously between 1939
and 1955: Kewanee, Illinois, was surveyed by Dean et al. (1942a) in 1939 and by Driscoll et al.
(1983) in 1980; Kingston and Newburgh, New York, were surveyed in 1955 by Ast and coworkers
(1956) and by Kumar and coworkers (1989) in 1985. Direct comparisons of dental fluorosis as
measured by Dean’s Index, are shown in Table 26.
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‘ TABLE 26
Percent prevalence of dental fiuorosis in ciiies

surveyed 30 to 40 years apart, as measured by Dean'’s Index

Dental Fluorosis Categery

Fiuoride Total

Very Prev-
City Year N Conc. Mild Mild Mod. Severe aiance  Author Date
Kingston, NY 1935 612 0.0 0.0 06 0.0 0.6 0.0 Ast 1956
1985 425 GO 44 22 0.7 0.0 7.3 Kumar 1985
Kewaneg, I 1635 123 09 106 1.6 .0 6.6 122 Dean 1942
86 33¢ 1O 74 438 1.8 0.6 1456 Driscoll 1683
Newburgh, NY 1555 438 1.0° 59 14 0.0 0.0 7.3 Ast 1956
1585 459 1.0° 47 2.1 0.9 0.0 7.7 Kumar 1985

* Natura! flucride concentration
° Adjusted ficoride conceniration

Inferences made from historical comparisons of this type may be interpreted with caution, duge to
examiner variability and other potential errors. Observations made {rom these studies are as follows:

el

he prevalence of dental fluorosis increased markedly in non-fluoridated Kingston (from
. percent in 1955 to 7.3 percent in 1985) and remained virtually unchanged in the
ctimally fluoridated communities of Newburgh (7.3 percent in 1955 to 7.7 perceni in
G§5) and naturally fluoridated Kewanee (12.2 percent in 1939 to 14.6 percent in 1980).

= O Dok

« Kumar and coworkers (1989) reported that most of the dental fluorosis observed in
non-fluoridated Kingston in 1985 was of the very mild (4.4 percent) and mild (2.2 percent)
categories. Driscoll and coworkers (1983) observed a shift within the categories of dental
fluorosis in naturally fluoridated Kewanee and reported a decline in the very mild dental
fluorosis (10.6 to 7.4 percent) and an increase in mild dental fluorosis (1.6 to 4.8 percent).
Similarly, a2 comparison of data from the 1955 and 1985 surveys in fluoridated Newburgh
showed a decrease in very mild fluorosis (from 5.9 to 4.7 percent) and an increase in mild
denial fiuorosis (from 1.4 to 2.1 percent).

« Moderate dental fluorosis increased very slightly (less than 2 percent in ail three
commaunities) when fluorosis levels of the 1980s’ studies are compared with those from the
original studies. In 1980, in naturally fluoridated Kewanee, 1.8 percent of the children were
reported to have moderate levels of dental fluorosis. In 1985, in fluoridated Newburgh and

flucridated  Kingston, New York, investigators reported similar percentages of

terate fluorosis, 0.S and 0.7 percent respectively.

o Although six cases of moderate and two cases of severe dentai fluorosis were re
Kewanee {1980}, no history of unusual fluoride intake could be established. No
severe fluorosis were reported in any other community,
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Comparison Between Dental Fluorosis Levels Found During the 1940s and 1980s in Cities With
Similar Drinking Water Fluoride Content--Measured by Dean’s Fluorosis Index

In the 1980s, most investigators did not attempt to survey the same cities as Dean; instead, they
surveyed cities with similar concentrations of fluoride in the water. Table 27 summarizes the
prevalence of dental fluorosis according to clinical classification and the concentration of water
fluoride from Dean’s 1940 studies and from prevalence studies in the 1980s in which Dean’s Index
was used. In this summary, the 1986-87 NIDR school children study was not included because water
fluoride concentrations were not specified (Brunelle, 1989).

As would be expected over a 40-year period, differences among studies are likely, for example: 1)
examiners; 2) interpretations of diagnostic criteria; 3) subject recruitment (Dean studied Caucasians
only); 4) residency requirements (lifetime resident or not); 5) sources of fluoride history (parent versus
child); and 6) examination conditions (Dean used natural light, but in recent surveys, investigators
-used artificial light). The value of specific numbers, characterizing the prevalence of dental fluorosis
40 years apart, can be debated; however, such data can be useful in suggesting trends or in considering
the findings from other investigations. Given that purpose, the following observations were made
concerning the prevalence of dental fluorosis between 1939-1940 and the early 1980s. Fluoride intake
from sources other than water is not controlled for these observations. Furthermore, most of these
surveys were conducted in the period from 1978 to 1982 among children 8 to 15 years of age. These
surveys reflect fluoride intake during the approximate years 1963 (15-year-olds in 1978 were bom in
1963) to 1980 (risk periods for 8-year-olds surveyed in 1982 ended at age 6 in 1980). In these
surveys, changes in fluoride intake since 1980 would not be reflected as dental fluorosis.

Observations from the comparisons are as follows; however, given the nature of the data available, all
comments should be accepted cautiously:

= The prevalence and severity of dental fluorosis increased as the concentration of water
fluoride increased. In the 1940s and 1980s, the prevalence of dental fluorosis was greater
in fluoridated areas (natural and adjusted) compared with non-fluoridated or low-fluoride
areas.

Changes in the percentages of individuals affected (total prevalence) and/or severity (shifts between
categories or degrees of dental flucrosis) were observed:

» In areas naturally fluoridated at less than 0.4 mg/L, the total prevalence of dental fluorosis
has increased over the period from less than 1 percent to approximately 6 percent (0.9 to
6.4 percent). From 1939 to approximately 1985, nearly all of this increase occurred in the
very mild (0.9 to 4.4. percent) and mild (0 to 2.2 percent) categories.

« In communities with optimally fluoridated (0.7 to 1.2 mg/L) water supplies, total prevalence
and severity of dental fluorosis apparently has increased from 1939 to approximately 1985.
Total prevalence of dental fluorosis increased from approximately 13 to 22 percent (13.6 to
22.2 percent). It should be emphasized that the increase has been limited almost entirely to
the milder forms of dental fluorosis (very mild category, 12.3 to 17.7 percent; mild
category, 1.4 to 4.4 percent; and combined moderate and severe categories, 0.0 to 0.9
percent).

« In communities with higher than optimal water fluoride concentrations, dental fluorosis
prevalence may also have increased slightly: at 1.8 to 2.2 mg/L (44 to 53 percent); and 2.3
to 2.7 mg/L (73.8 to 78.5 percent). Communities with natural fluoride levels between 1.3
and 2.7 mg/L decreased in the very mild fluorosis category, increased in mild fluorosis, and
exhibited inconsistent changes in moderate and severe fluorosis. If moderate dental
fluorosis has increased since the 1940s, it most likely increased at fluoride water
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TABLE 27

Percent Prevalence of Dental Fluorosis by Clinical Classification and Concentration of Water Fluoride from Dean’s 1940 21-City Survey

and 1980’s Surveys Using Dean’s Index.

Water Total No. Mean N Percent Percent Percent Percent Percent
Fluoride Cities/ per Very Mild Mild Moderate Severe Total
Level Studies City/Study Prevalence Prevalence Prevalence Prevalence Prevalence
1940s 1980s 1940s 1980s 1940s  1980s 1940s 1980s 1940s  1980s 1940s 1980s 1940s 1980s
mean mean mean+sd meantsd mean+sd  meantsd meantsd meanisd mean meantsd meantsd  meantsd
<04 10 5 360 326 0.9+0.7 4.4+3.0 0 2.242.8 4] 0.1+0.3 0 0 0.9+0.7 6.412.6
0.4-0.6 3 i 427 126 5.0+1.4 2.4 0.6+0.3 0 0 0 0 0 5.6+1.2 24
0.7-1.2 4 4 270 471 123+2.3 177416 1.4+0.4 44120 0 0.8+0.8 0 0.1+0.3 13.6+2.0  22.2+14
1.3-1.7* 1 3 477 175 27.0+4.2  19.5+4.1 3.1+11 5.6+4.7 0 0.7+0.6 0 0 302+43 25749
1.8-2.2* 2 1 222 143 35.147 23.1 1.542 16.8 1.1+0.1 8.4 0 4.9 44,016 532
2.3-2.7 1 5 404 174 42.1 40.5+7 21.3 29.5+5 8.9 8.4+5 LS 0 73.8 78.5+9
2.8-3.2 0 3 NA 124 NA 26.2+16 NA 30.0+11 NA 15.0+16 NA 2845 ‘ NA 74.0+22
3.3-3.7 0 0
>3.7 0 _2 NA 163 NA 24.8+11 NA 27.8+4 NA 19.3+17 NA  139+12. NA 83.4+16
21 24
Note: Table constructed as follows: the 21 cities represented in the 1940s column are those cities surveyed by Dean in the 1940s and are listed in Appendix C: Section A. The 24 cities represented

in the 1980s column are those cities surveyed by different investigators in the 1980s using Dean’s Index and are listed in Appendix C: Section B-1. The means and standard deviations are

derived from the cities classified by respective water fluoride levels.

Fluoride concentration for E. Moline and Maywood, Tl were reporied originally as 1.2 mg/l. Subsequent reports by Dean and Amold indicate that there is presumptive and direct evidence
that the fluoride concentrations for these two cities were 1.4 1o 1.6 mg/l during the period of the survey (Dean 1942¢; Amold, 1948).



concentration levels between 1.8 to 2.2 mg/L (1.1 to 8.4 percent). These observations are limited
because of the sparse number of studies in communities with natural water fluoride concentrations
greater than 1.3 mg/L.

RISK FACTORS ASSOCIATED WITH HUMAN DENTAL FLUOROSIS

Clearly dental fluorosis is associated with ingested fluoride during the tooth-forming years, but the
exact mechanism by which dental fluorosis occurs is not fully understood, nor is it clear at which
stage of development the primary or permanent teeth are most at risk (Robinson and Kirkham, 1990).
The most important risk factor in determining whether dental fluorosis will occur and how severe it
will be, is the total amount of fluoride consumed from all sources during the period of tooth
calcification (Pendrys and Stamm, 1990).

The permanent teeth begin to mineralize at birth, and this process is completed by about age 5, third
molars excluded (Horowitz, 1986); however, Pendrys and Stamm (1990) have reported that the risk
period may extend to age 6 or 7. Teeth which develop and mineralize later in life appear to be more
severely affected by dental fluorosis. This finding is probably due to the fluoride intake being greater
for older children (Thylstrup and Fejerskov, 1978; Larsen, 1988). In areas of high exposure to
fluoride, fluorosis can be seen in the primary teeth; in the permanent teeth, the result of long-lasting
exposure to "excessive" fluoride can be seen when the first permanent molars and incisors erupt at 6 to
7 years of age. Precise estimates of the effect on the teeth of excessive fluoride intake can be
observed only when the premolars and second molars erupt at ages 10 to 12 (Fejerskov et al., 1990).

Dental fluorosis may be influenced directly or indirectly by metabolic factors as well as factors related
to sources of available fluoride. These factors include dietary fluoride supplements, toothpaste with
fluoride, dietary sources of fluoride, professionally and self-applied topical fluoride products, and
multiple risk factors. These potential influences on the prevalence of fluorosis are discussed below.

Metabolic factors

Susceptibility to dental fluorosis can be influenced by chronic systemic acid-base disturbances
(acidosis), which affect the kidneys’ ability to remove fluoride from the body. Examples include the
composition of the diet--normally the major determinant of acid-base status and urinary pH; certain
drugs; and a variety of metabolic and respiratory disorders. Manji and coworkers (1986) reported that
at any level of fluoride intake, high altitude or hypobaric hypoxia, led to an apparent increased
prevalence of dental fluorosis. Whitford (1990) has questioned the classification of such enamel
defects, on the basis that hypobaric hypoxia would lead to increased urinary pH causing an increased
excretion of fluoride and a hypothesized decreased likelihood of dental fluorosis. The hematocrit level
also influences the level of fluoride in plasma, independent of the fluoride level in whole blood
(Whitford, 1989; Angmar-Mansson and Whitford, 1990).

Use of Fluoride-Containing Products or Simultaneous Use of Multiple Fluoride Products

The differential effects of exposure to fluoride from water-related sources (i.e., drinking water,
reconstituted infant formula, and soft drinks) and exposure to fluoride-containing dental products (i.e.,
supplements, toothpaste, and mouthrinse) are not equal. The former is a slow, constant exposure of
about 1.0 mg/L fluoride; the latter is an exposure to much higher fluoride concentrations producing
intermittent and higher plasma fluoride peaks. Risk factors reportedly investigated with respect to
changes in the prevalence of dental fluorosis are listed below.

Dietary fluoride supplements; Several investigators have reported an association between the use of
dietary fluoride supplements in non-fluoridated communities and increases in the prevalence of very
mild and mild forms of dental fluorosis (Pendrys and Katz, 1989; Kumar et al., 1989; Woolfolk et al.,
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1989; Ismail et al., 1990; Pendrys and Morse, 1990). European studies have reported a similar
association as well (Aasenden and Peebles, 1974; Holm and Andersson, 1982; Granath et al., 1985).

In a case-control study of seventh- to ninth-grade schoolchiidren who lived the first 6 years of their
lives in areas with water low in fluoride, Pendrys and Katz (1989) reported that early and late
exposure to fluoride supplements during the first 6 years conferred a fourfold increase in the relative
risk of developing mild-to-moderate enamel fluorosis. The investigators also suggested that the risk
associated with mild-to-moderate fluorosis was greater during the third through the sixth years of life
than during the first year.

Ismail and co-investigators (1990) reported fluoride tablets to be a strong risk factor associated with
dental fluorosis in 11- to 17-year-old students born and living the first 6 years of life in two Quebec
cities where fluoride tablets are sold over-the-counter. Logistic regression analysis assessing the
non-fluoridated community (fluorosis prevalence 31 percent; tablet consumption 67 percent) and the
fluoridated community (fluorosis prevalence 55 percent; tablet consumption 13 percent) showed
children whose parents provided a history of fluoride tablet use were 1.7 times more likely to have
dental fluorosis than children who had not taken tablets.

In non-fluoridated Kingston, New York, Kumar and coworkers (1989) reported a prevalence of dental
fluorosis of 7.7 percent, primarily in the very mild and mild forms. On the basis of a fluoride history
of the first 8 years of life, the investigators suggested that the relative risk of fluorosis increased when
fluoride tablets or drops were taken daily.

Other investigators have reported that some physicians and dentists may prescribe dietary fluoride
supplements inappropriately, since they prescribe the supplements without first determining the water
fluoride content (Levy et al., 1987; Kuthy and McTigue, 1987). The potential exists for an increased
risk of dental fluorosis if fluoride supplements are prescribed for any child living in areas where water
is fluoridated at a level above 0.7 mg/L or for children from birth to 2 years of age living in areas
where the water is fluoridated at a level above 0.3 mg/L.

Toothpaste with fluoride: Fluoride-containing dentifrice, or toothpaste, has been implicated as a risk
factor contributing to the development of dental fluorosis (Osuji et al., 1988). The risk is attributed to
young children (prior to age 5 or 6) swallowing rather than expectorating fluoride-containing
dentifrice. Nearly all of the ingested dentifrice is absorbed completely if absorption is not interfered
with by the presence of other metal ions (Trautner and Einwag, 1988). The potential increase in a
child’s intake of fluoride, on average, is estimated to be 0.25 mg per brushing (Whitford et al., 1987).
In a community with fluoridated water (above 0.7 mg/L), early use of fluoridated dentifrice (for
children from ages 6 to 24 months) has been reported to increase the risk of very mild fluorosis when
these young children are compared with children who begin brushing with toothpaste at a later age
(Osuji et al.,, 1988). In addition, Pendrys and Katz (1989) reported a possible association (odds ratio
of 2.8) between mild and moderate fluorosis and a history of fluoride dentifrice use during the first 6
years of life. Less than 10 percent of all toothpastes do not contain fluoride (Graves & Stamm, 1985).
The inability to find sufficient numbers of users of nonfluoride toothpastes makes it difficult to obtain
sufficient power in these studies to detect differences in the prevalence of dental fluorosis among users
of fluoridated and non-fluoridated dentifrices.

Dietary sources of fluoride: Results of market-basket surveys of food (excluding water and
beverages) indicate that, during the past 40 years, fluoride ingestion from dietary sources has remained
relatively constant (McClure, 1943; Ophaug et al., 1980; Singer et al., 1980; Taves, 1983; Pendrys and
Stamm, 1990). A possible exception may be in the use of infant formula and beverages. Use of
liquid and powder infant formula concentrates, reconstituted with fluoridated water, and of soy-based
infant formulas have been reported to present an increased risk for dental fluorosis (Johnson and
Bawden, 1987, McKnight-Hanes et al., 1988). Using a case-control design in an optimally fluoridated
community, Osuji and coworkers (1988) reported that the use of formula for infants beyond the age of
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13 to 24 months was associated strongly with very mild dental fluorosis (odds ratio of 10.5) when
compared with breast-fed infants. In 1978, manufacturers of infant formula voluntarily lowered the
concentrations of fluoride in the formulas; however, the reported results of the fluorosis studies cited
in this document would not reflect these lower fluoride concentrations in infant formulas.

Another contemporary source of dietary fluoride is beverages and "soft drinks," processed using
fluoridated water. Drinking large quantities of beverages produced in areas with fluoridated water has
been reported to raise the dietary fluoride intake of some children living in non-fluoridated or
low-fluoride areas to within the range of persons living in optimally fluoridated areas (Clovis and
Hargreaves, 1988). Dental fluorosis was not evaluated in these areas, however.

Professionally and self-applied topical fluoride products: Elevated levels of fluoride in plasma have
been reported as a result of the ingestion of professionally applied topical fluoride solutions (Larsen et
al., 1985); however, the epidemiological evidence relating dental fluorosis to these fluoride agents is
‘limited. Larsen and coworkers (1985b) found no association between professionally applied topical
fluoride treatments and dental fluorosis in 14 year-old Danes. Szpunar and Burt (1988) reported 57
percent more dental fluorosis among children (6 to 12 years of age) who reported "ever used” fluoride
rinses compared with those who reported "never used;" most of the children in the survey had not
used rinses until age 4 or older. The investigators suggested that the association could be spurious,
with the rinsers’ parents more dentally aware in general and the children being exposed to other
fluoride products as well.

Multiple risk factors: Only two studies, both in Canada, have reported the relative risk of dental
fluorosis associated with the presence of multiple risk factors. In a case-control study conducted in a
fluoridated community (Toronto, Canada), Osuji and coworkers (1988) compared 67 children with
very mild fluorosis to 74 children without dental fluorosis. Preliminary evidence suggested that, when
the mother’s education was controlled the relative risk associated with multiple risk factors (infant
formula use beyond 13 months of age and toothpaste use before 24 months) may be synergistic. That
is, the effects of fluoride from both risk factors acting together are greater than the separate effects of
each factor added together.

The second study (Ismail et al., 1990) evaluated dental caries and dental fluorosis in 936 randomly
chosen, 11 to 17-year-old students (bomn and having lived the first six years in the same community)
from a private and a public school in both a fluoridated (1.0 mg/L) and non-fluoridated (less than 0.1
mg/L) community in Quebec. An analysis of odds ratios (OR) and their 95-percent confidence
intervals (CI) revealed a significantly higher prevalence of fluorosis among students from the
fluoridated, compared to those from the non-fluoridated community (OR 3.43; CI 1.28, 2.27), and
among students from the private rather than the public school (OR 1.19; CI 1.03, 1.39),

Several risk factors identified could contribute to dental fluorosis and may be responsible for the
apparent increase in some forms of dental fluorosis documented during the past decade. Theoretically,
however, other factors could contribute to an alteration and possible decrease in fluorosis since 1985.

The most recent surveys of dental fluorosis used for trend comparisons in this review were completed
in 1985 (Heifetz et al., 1988 and Kumar et al. 1989) among children 8 to 15 years old. Assuming the
risk period for dental fluorosis is from birth to about 6 years of age, these surveys reflect the fluoride
intake period from about 1970 to 1983. Changes in fluoride intake since 1979 would not be reflected
in most of the survey results reported. Examples of possible changes in fluoride availability include
the following: 1) In 1979, the American Academy of Pediatrics, conforming with the American
Dental Association’s guideline schedule, adopted a new schedule that specified lower fluoride
supplement dosages for children younger than 2 years (Committee on Nutrition, 1979). 2) In late
1978, manufacturers of infant formulas, baby cereals, and juices began processing products voluntarily
with water containing negligible levels of fluoride (Feigel, 1983); 3) Recently, cautionary advice has
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been given with respect to the unsupervised use of fluoride toothpaste for young children, and an
educational campaign on fluoride supplements has been directed towards physicians (Horowitz, 1985).

Projections of the future prevalence and severity of dental fluorosis may be impractical, considering
the possible changes in fluoride intake that have occurred. Current findings indicate that the
prevalence and severity of dental fluorosis must continue to be monitored.

SUMMARY

Human dental fizerosis is associated with high tissue fluoride concentration during tooth formation.
The greater the fiuoride exposure during tooth development, the greater the likelihood of dental
fluorosis. The actual concentration of fluoride that correlated with an observed clinical presentation, in
a given individual, is difficult to quantify. The prevalence and severity of fluorosis depend on: 1) the
amount, concentration, and duration of exposure to fluoride; 2) the stage of tooth development; 3)
individual variations in susceptibility; and 4) certain environmental variables.

Overall, dental flucrosis remains more prevalent in fluoridated than non-fluoridated areas. Dental
fluorosis appears to have increased in both non-fluoridated and fluoridated communities, but has
increased much more in non-fluoridated or low-fluoride areas. Apparently, in non-fluoridated areas
over the period 1939 to about 1980, increases in very mild and mild forms of dental fluorosis have
occurred. Total prevalence and intensity of dental fluorosis may have increased in optimally
fluoridated areas over this same time period. Virtually all of the increase observed in optimally
fluoridated areas since Dean’s time has occurred in the very mild and mild categories, If moderate
dental fluorosis has increased, the increase is minimal and has been most pronounced between the
water fluoride range of 1.8 10 2.2 mg/L. During this period of time the prevalence of severe forms of
dental fluorosis continues to be very low in optimally fluoridated areas.

In comparison of cross-sectional studies from 1980 and 1985 in the same Midwestern communities,
investigators reported an increased prevalence of dental fluorosis by tooth surface (rather than by
individual} which may be due in part to increased fluoride ingestion among children. Apparently, the
increased ingestion began in the early 1970s, and since then the total fluoride intake has changed very
little. Evidence from 1980 and 1985 surveys identified increases in percentages of tooth surfaces with
dental fluorosis at optimum, 2X, 3%, and 4X optimal levels of water fluoride in children 13 to 15
years of age and at optimal levels in children 8 to 10 years. There may have been a slight increase in
moderate-to-severe forms of dental fluorosis in some children 13 to 15 years old in communities
fluoridated at the 2X, 3X, and 4X optimal levels. The study was geographically restricted to four
areas of Illinois, so the general applicability of the study is unknown.

Factors found to be associated with an increase in the reported prevalence of dental fluorosis include
the daily--and possible inappropriate--use of dietary fluoride supplements, the use of
fluoride-containing toothpaste before a child is 24 months of age, and the use by children beyond 13
months of age of powdered and concentrated forms of infant formula reconstituted with fluoridated
water. Because of changes in manufacturing practices of infant foods since 1978, the risks associated
with these products may no longer be operative.

In most studies in which the risk of developing dental fluorosis has been assessed, investigators have
focused almost exclusively on a single risk factor, that is on a single source of fluoride and have not
controlled for multiple sources. The effect on dental fluorosis of multiple risk factors or of the
simultaneous use of multiple fluoride modalities, remains largely unknown.

STUDIES INVESTIGATING THE EFFECTS OF FLUORIDE ON THE RENAL SYSTEM

The kidney is a potential target of acute fluoride toxicity probably because kidney cells are exposed to
relatively high fluoride concentrations. Fluoride shows an increasing concentration from the cortex to
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the medulla. Thus, those portions of the nephron responsible for concentrating urine and conserving
water are exposed to the highest fluoride concentrations within the kidney.

Fluoride exists in serum as two fractions, nonexchangeable and exchangeable (Taves, 1968). Ingested
inorganic fluoride adds to the exchangeable fraction, the portion that has toxicological consequences.
Here we discuss only the exchangeable fraction.

Fluoride, after being administered by mouth, is rapidly absorbed into the blood. The increase of
fluoride concentration in the plasma begins within minutes after ingestion, and the peak concentration
reportedly occurs between about 30 to 90 minutes, with a rapid decline thereafter (Cowell and Taylor,
1681; Whitford, 1990). The fluoride ion is filtered from plasma in the glomerular capillaries into the
urinary space of Bowman'’s capsule, followed by a variable degree of tubular reabsorption. The
reabsorption mechanisms may involve diffusion of the hydrogen fluoride (HF) molecule (Whitford,
1990). The epithelium is essentially impermeable to the fluoride ion but not to the nonionized HF.
Therefore, reabsorption should be dependent upon the pH of the urine in the tubules, as was found to
be the case in rats (Whitford et al., 1976).

ANIMAL STUDIES

Postnatal (29-day-old) rats administered a single high dose intraperitoneally of either 30 or 48 mg/kg
of fluoride developed polyuria, decreased urine osmolality, increased urinary pH, changes in urinary
chloride excretion, mild glucosuria, and morphological evidence of proximal tubular cell necrosis, 24
to 48 hours after dosing. The excretory abnormalities and histological effects were transient and
disappeared 120 hours after dosing. The urinary pH of suckling rats is much lower than that of
weanling rats and, therefore, suckling and weanling rais handle fluoride in very different ways. The
decrease in urinary pH probably favors the reabsorption of fluoride and would increase the likelihood
of renal damage; however, these effects have not been observed in suckling rats (Daston et al., 1985).
An alternative explanation is that the redistribution to bone and hard tissues in the immature rat
accounts for increased reabsorption from the nephron and the increased clearance from the blood.
Another explanation for the relatively refractive nature of the immature rat kidney to toxic insult is
that the kidney does not mature until the third week of life.

Some investigators have reported swelling and necrosis of the proximal and distal renal tubules in
weanling rats consuming water with extremely high levels of sodium fluoride (380 ppm NaF for 6
weeks) (Lim et al., 1975). Taylor (1961) reported interstitial nephritis and dilation of tubules at the
corticomedullary junction in rats maintained for 6 months on water containing 100 ppm fluoride
compared with the optimal level of 1 to 1.2 ppm sodium fluoride. Other investigators have reported
structural changes in the kidneys of animals following chronic exposure to fluoride (Hodge and Smith,
1977; Manocha et al., 1975; Greenberg, 1986).

HUMAN STUDIES

Understanding the renal kinetics of fluoride is of particular importance because of the potential toxicity
when fluoride is present in plasma at high concentrations. The healthy kidney removes fluoride from
the blood much more efficiently than it removes other halogens. The renal clearance values for
chloride and bromide are typically in the range of 0.5 to 2.0 mL/min (Whitford 1990). Cowell and
Taylor (1981) reported that values for clearing fluoride ion from plasma ranged from 19.5 to 44.4
mL/min and tubular reabsorption of the fluoride ion from 61.5 to §6.5 percent for individuals with
normal renal and parathyroid function. Whitford (1990) cited a wider fluoride clearance range of 12.4
to 71.4 mL/min; Jamberg and coworkers, (1983) reported values from 52.3 to 89.1 mL/min.

Whitford (1990) cites a wide range of average fluoride values (0.7 to 2.4 umol/L) for human plasma
even when the populations studied appeared to have similar fluoride intake. These differences could
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be due to unrecognized population differences in fluoride intake or in fluoride metabolism, but
Whitford believed that they were more likely to be associated with the analytical techniques used.

Jarnberg and coworkers (1983) showed a relation between urinary flow and fluoride renal clearance for
urine flow rates from about 1 to 21 mL/min. Other investigators have found a positive relationship
between urine flow rate and fluoride clearance (Cowell and Taylor 1981; Ekstrand et al., 1978), with
correlation coefficients of 0.576 and 0.90, respectively.

Some surgical patients who received methoxyflurane anesthetics have suffered renal insufficiency
beginning within a few hours of surgery. Metabolism of the methoxyflurane produced fluoride
concentrations in serum that were high enough to produce the effect (Mazze, 1984). Whitford and
coworkers (1987) state that exposures which produce serum fluoride concentrations greater than about
30 umol/L in rats, dogs, and humans cause a renal-concentrating defect, a transient phenomenon in
which normal renal function retumns once the serum fluoride concentration decreases. However, the
concentration must fall well below the threshold level (30 umol/L) before normal kidney function
resumes. '

Hanhijavi (1975) studied inorganic fluoride plasma concentrations in 2,200 patients in Finland,
including 501 persons who lived in an area with low fluoride (less than <0.2 ppm F) drinking water
and 1,083 persons who lived in a community with adjusted fluoride levels in the drinking water (1
ppm). Plasma inorganic fluoride concentration increased throughout the age groups studied (ranging
from 2 to 87 years). Both the fluoride concentration and the percent increase with age were greater in
those persons residing in the community with adjusted fluoride in the drinking water, but not in
proportion to the levels of fluoride in the drinking water. In both groups, renal clearance of fluoride
increased with age, with a peak at about 50 years. Mean renal clearance was about twice as high for
those patients from the fluorinated area as those from the low fluoride area. Decreased renal clearance
occurred in persons with renal insufficiency and in patients with diabetes mellitus. Kono and
coworkers (1984) and Spak and coworkers (1985) have also shown decreased fluoride clearance
among both adults and children with impaired renal function. These findings indicate that persons
who have impaired kidney function may have a reduced margin of safety for developing skeletal and
dental fluorosis compared with persons who have normal kidney function. Although no cases of either
skeletal or dental fluorosis have been reported among these individuals, continued follow-up of these
populations is needed especially for children with impaired renal function.

Juncos and Donadio (1972) noted fluorosis of both teeth and bones in two teen-age patients who
suffered renal failure. Both individuals had regularly ingested large quantities of water with 1.7 to 2.6
ppm of fluoride, concentrations that are below that considered to be the threshold for the development
of fluorosis in persons with normal consumption habits and healthy renal function.

Lantz and coworkers (1987) also reported a case of renal failure and features of chronic fluoride
intoxication in a person who ingested 2 to 4 liters a day of mineral water containing 8.5 mg/L of
fluoride for 20 years. The patient stopped drinking this water 4 years before "presenting” to the
investigators with chronic renal insufficiency. In several epidemiologic investigations, however,"
researchers have found no human kidney disease from long-term nonoccupational exposure to fluoride
at drinking water concentrations up to 8 mg/L. (EPA 1985). No differences in urinary excretion of
albumin, sugar, red blood cells, and formed elements were found among children from a community
with drinking water containing 1.2 mg/L fluoride compared with those from a community with water
containing essentially no fluoride (Schlessinger et al., 1956). No unusual incidence of either kidney
pathology or disease was seen as a cause of death in a population whose water supply contained 2.5
mg/L fluoride (Geever et al., 1958), and the renal status of people in two communities, one with a -
drinking water concentration of 8 mg/L and the other with a concentration of 0.4 mg/L., was similar
(Leone et al., 1954).




SUMMARY

The kidney is a potential target organ for chronic fluoride toxicity because the healthy kidney removes
fluoride from the blood much more efficiently than it removes other halogens. The fluoride ion is
filtered from plasma in the glomerular capillaries into the urinary space of Bowman’s capsule; with a
variable degree of tubular reabsorption by diffusion of the hydrogen fluoride molecule. Renal fluoride
clearance increases with age, with a peak at about 50 years, but the mean renal clearance was about
twice as high for persons from an area with fluoridated drinking water as for those from an area with
water low in fluoride. Serum fluoride concentrations above about 30 umol/L cause renal concentrating
defects in rats, dogs, and humans. Decreased fluoride clearance may occur among persons with
impaired renal function, but the overall health significance of reduced fluoride clearance is uncertain,
with no cases of symptomatic skeletal fluorosis being reported among persons with impaired renal
function. Several epidemiological investigations have found no human kidney disease from long-term
nonoccupational exposure to fluoride concentrations in drinking water up to 8 mg/L.

' STUDIES INVESTIGATING THE EFFECTS OF FLUORIDE ON THE GASTROINTESTINAL

SYSTEM

All the soluble, fluoride-releasing compounds except monofluorophosphate form hydrogen fluoride
when mixed with hydrochloric acid in the stomach. In the acid environment of the stomach (pH = 1),
99.7 percent of the fluoride and hydrogen ions associate to form the nonionized molecule hydrogen
fluoride (pK, = 3.45). The semipermeable cell membrane that is essentially impermeable to the
fluoride ion also protects stomach cells from the completely ionized hydrochloric acid. The cell
membrane, however, does not prevent nonionized molecules from entering the cell membranes by
diffusion. This passive diffusion depends on a concentration gradient across the membrane.

Hydrogen fluoride is irritating to the stomach mucosa. At concentrations as low as 10 mmol/L,
fluoride has shown both structural and functional adverse effects on the gastric mucosa of the rat and
dog. The structural changes range from patchy loss of the mucous layer and scattered desquamation
of miucous cells to widespread and full-thickness erosions of the gastric mucosa, with exposure of the
underlying lamina propria. The functional changes include dose-related disruption of the physiological
gastric mucosal barrier, as indicated by increased fluxes of sodium, potassium, chloride, protons, and
water (Whitford 1990).

Once inside the cell the hydrogen fluoride dissociates, releasing hydrogen and fluoride ions in neutral
pH. The released hydrogen ion can disrupt the normal intracellular pH. The liberated fluoride ion can
interfere with normal intracellular enzyme activity. Thus, hydrogen fluoride can act in two ways to
produce effects at the cellular level. The quickest is likely to be that caused by disruption of
intracellular pH. An appreciable amount of fluoride is absorbed from the stomach to the blood, as
demonstrated by the rapid rise in the concentration of fluoride in serum within minutes of ingestion.
This absorption is also a pH-dependent, diffusion-controlled process (Whitford and Pashley 1984).

ANIMAL STUDIES

Studies conducted in intubated rats given extremely high levels of sodium fluoride (100 mmol)
demonstrated erosive and hemorrhagic injury to the gastric mucosa and disruption of the structure and
integrity of the gastric glands, with progressive healing over 7 days (Easmann et al,, 1984, 1985;
Pashley et al., 1984). These changes in the stomach were similar to those described in humans after
they have suffered acute fluoride toxicity (deLopez, 1976; Basman et al., 1985). In rats, chronic
exposure to 4, 10, and 25 mg/kg sodium fluoride in the diet produced dose-dependent chronic gastritis
and glandular stomach acanthosis (FDA, 1990). Gross lesions were observed in the mucosa of the
glandular stomach of most male rats treated for 6 months with 300 ppm sodium fluoride (DHHS,
1990). Histopathologic lesions in male and female rats included subtle diffuse hyperplasia of the
mucosal epithelium of the glandular stomach, along with individual cell necrosis.
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Four groups of investigators have produced varied reports about the toxicity of fluoride in t
gastrointestinal tract, primarily in cattle, sheep, and dogs (Schmidt and Rand, 1952; Hibbs and
Thilsted, 1983; G’Hara et al,, 1982; Nichols et al., 1949).

HUMAN STUDIE

In two swdies of workers occupationally exposed to varying levels of fluoride, investigators reported
various gastrointestinal effects. They include chronic gastritis with and without accompanying skeietal
fluorosis, duodenal ulcers, and erosion of the gastric mucosa (Medvedeva, 1983; Desai, 18588). Nei
of these investigators reported air measurement of fluoride, so the distribution of exposure iype,
gaseous versus particulate, for the workers is unknown but can be presumed to be higher thar in the
general population. In these studies, the major route of entry was probably inhalation because, for
most adults, hand-to-mouth activity is not great enough to provide for the necessary doses by
ingestion. Although inhalation was the main route of entry, clearance of dust particles from th
respiratory tract into the gastrointestinal tract probably provided the exposure reflected in
symptoms.

o
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SUMMARY

All the soluble, fluoride-reieasing compounds except monofluorophosphate form hydrogen fiucride
when mixed with hydrochloric acid in the stomach. At optimal levels of fluoride in water, however,
gastrointestinal effects are not a problem. Hydrogen fluoride at high concentrations is very irmitating
to, and has shown both structural and functionat adverse effects on, gastric mucosa in both an
and humans. Both cellular and serum absorption of fluoride from the stomach is pH-dependent and
occurs by passive diffusion. Industrial workers with exposure to high concentrations of flucride dust
reported chronic gastritis, sometimes accompanied by duodenal ulcers. Even though the workers’
exposure was primarily that of dust inhalation, the principal symptoms reported were gastrointestinal,
thus showing the significance of respiratory clearance in some inhalation exposures. There are nc
reports of gastrointestinal problems in populations with non-occupational fluoride exposure.

STUDIES INVESTIGATING THE EFFECTS OF FLUORIDE ON THE REPRODUCTIVE
SYSTEM

IMPAIRMENT OF FERTILITY
Animal Studies

Adverse effects on reproduction were reported by Messer et al. (1973) who found reduced fertility in
female Swiss Webster mice during 25-week studies with drinking water containing concentrations of
fluoride (as sodium fluoride) that were lethal (200 ppm) or caused significant decreased matemal
weight gain (100 ppm). No effects on fertility of two generations of mice were seen with dams given
water containing 50 ppm fluoride. Conflicting reports exist regarding spermatozoal abnormalities in
mice resulting from fluoride treatment. Pati and Bhunya (1987) reported abnormal spermatezoz in
Swiss mice given intraperitoneal injections of 8 mg sodivm fluoride/kg on 5 successive das

However, Li et al. (1987) reported no increases in sperm abnormalities in B6C3F1 mice given 5 dails
oral doses of sodium fluoride of 70 mg/kg, and Dunipace et al. (1989) found no increase in abnormal
sperm morphology in B6C3F1 mice maintained for 21 weeks on drinking water containing u
ppm fivoride (as sodium flucride). Mice given sodium fluoride in drinking water at concentra
500 or 1000 ppm for two or three months showed clear evidence of damage to spermatcgenss
and Singh, 1980).

Male rats fed diets with added fluoride sufficient to give doses of 25 to 30 mg fluoride/k
weight did not show adverse effects on reproductive organs or their funciion; female rats
equivalent doses of flucride (0.043 percent of the diet) showed reduced diet consumption
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suppression of estrus (Phillips et al., 1933). Sodium fluoride administered to male rats at dietary
concentrations of 100 or 200 ppm for 60 days caused a dose-related decrease in reproductive
performance; a decrease in serum testosterone levels was observed with the higher dose (Araibi, et al.,
1989).

Aulerich et al. (1987) found no effects on reproduction of mink maintained for 7 months on diets
containing as high as 350 ppm fluoride (as sodium fluoride), although postnatal mortality of kits
maintained on the high-dose fluoride diet was increased. In contrast, decreased calving rates have
been reported in young cows given drinking water containing 5 mg/L fluoride for 4 years (Van
Rensburg and De Vos, 1966), and poor growth, abnormal skeletal morphology and dental fluorosis
have been observed in the offspring of cows receiving feed contaminated with fluoride (Maylin et al.,
1687).

Early studies provided somewhat conflicting evidence for the possibility that fluoride is an essential
element for normal fertility. It has been suggested that fluoride promotes a more efficient dietary
utilization of iron and other trace minerals (Messer et al., 1973; Tao and Suttie, 1976). Further reports
of avian and bovine studies have provided evidence consistent with the concept that fertility
impairment occurs when animals are exposed to levels either higher or lower than normally occur in
the diet (Guenter and Han, 1986; Carriere et al., 1987; Hoffman, 1985; Patee, 1988; Van Rensburg and
De Vos, 1966). Inhibition of lactation in cows (Maylin and Krook, 1982) and silver foxes (Eckerlin et
al, 1986) was observed after exposure to high levels of fluoride.

Human Studies

While results of epidemiological studies seeking an association between fluoride exposure and changes
in reproductive function were not found in the literature, two Russian studies have related chronic
occupational exposure to fluoride-contaminated compounds, with effects which may impact on
reproductive function. Males demonstrating clinical skeletal fluorosis who had worked in the cryolite
industry for 10 to 25 years, showed decreases in circulating testosterone and compensatory increases in
follicle stimulating hormone when compared to controls (Tokar and Savchenko, 1976). Of the
exposed males, those with 16-25 years exposure to cryolite had increased luteinizing hormone levels
compared to men with 10-15 years service. Females exposed occupationally to air heavily laden with
superphosphates demonstrated increases in menstrual irregularities and genital irritations when
compared to unexposed controls (Kuznetzova, 1968). Occupational exposure to many other
compounds in the cryolite and superphosphate industries makes it difficult to implicate any one
element, such as fluoride, in producing these effects.

Summary

In summary, it is not yet clear whether fluoride is essentiai for reproductive performance. Several
species are sensitive to fluoride levels higher than those normally encountered, such that their fertility
and reproductive performance is impaired. The association of adverse reproductive effects of fluoride
exposure in humans has not been adequately evaluated.

TERATOLOGIC AND DEVELOPMENTAL EFFECTS

Animal Studies

Fluoride passes the placenta of laboratory rats in limited amounts and is incorporated into tissues at
levels less than 0.01X the amount administered (Theuer et al., 1971). Recent studies of conventional
design to evaluate developmental toxicity of sodium fluoride have not been reported, but defects of the

teeth following fluoride exposure in utero have been reported in several species including the dog
(Knouff et al., 1936) and the mouse (Fleming and Greenfield, 1954). Studies in mice and rats
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the four areas compared, only 17 to 48 percent of the cases were ascertained, as estimated from
hospital data or other investigators (Lillenfeld, 1969). Therefore, inadvertent ascertainment bias may
account for the seeming rise in rates for the syndrome as fluoridation levels increased from 0.0 ppm to
between 1.0 to 2.6 ppm. Since then, three studies have failed to confirm Rapaport’s finding (Berry,
1958; Needleman et al., 1974; Erickson et al., 1976). Rapaport suggested that the excess of DS was
more pronounced in the children of young women. Erickson (1980), using birth-certificate data from
44 cities with populations of 250,000 or more, classified as to fluoridation status, could not replicate
Rapaport’s finding.

Needleman and coworkers studied the prevalence rates of DS in Massachusetts from 1950 to 1966,
and found them to be the same in both fluoridated and non-fluoridated areas: 1.5 cases of DS per
thousand births. This value attests to the completeness of ascertainment, because it is the same as that
found on the basis of hospital registries (Lilienfeld, 1969). The authors concluded that the data
provide strong evidence against an effect of fluoride during the years covered by the study.

Summary

Fluoride crosses the placenta and is incorporated in tissues of the developing conceptus. Limited
animal data report defects of the teeth in offspring of mothers exposed to high dose levels of fluoride.
In humans, studies in areas of India and Africa with high levels of naturally fluoridated water showed
no increase in birth defects but signs of skeletal fluorosis became evident during childhood. No
association was observed between birth defects and fluoridation of community water supplies based on
the birth defects registry of the greater metropolitan area of Atlanta, Georgia.

About 30 years ago, an investigator linked an excess of Down Syndrome, a genetic disorder, to
fluoridation, but the results of three later studies conducted by other investigators with fuller
ascertainment of cases did not confirm that finding.

STUDIES INVESTIGATING THE HYPERSENSITIVITY AND IMMUNOLOGIC EFFECTS
OF FLUORIDE

The literature contains minimal animal and human data on sodium fluoride-related hypersensitivity
reactions. In animal studies, investigators often used excessively high doses, inappropriate routes of
administration, or both (Lewis and Wilson, 1985; Jain and Susheela, 1987). Consequently, the pre-
dictive value of these data, as they relate to human exposures at accepted exposure levels, is
questionable. Reports of human hypersensitivity reactions resulting from exposure to sodium fluoride
are scattered and largely anecdotal (Razak and Latifah, 1988; Modly and Bumett, 1987; Richmond,
1985: Amold et al., 1960;). The most common responses observed included dermatitis, urticaria,
inflammation of the oral mucosa, and gastrointestinal disturbances. Hypersensitivity reactions
associated with dental preparations were mild to moderate in severity and appeared to resolve
completely with discontinuation of the product (Adair, 1989). It was reported that these reactions were
caused by sodium fluoride or by alcohol, dyes, or flavoring agents in the products.

Waldbott (1962) reported that the ingestion of 1 mg/L fluoride in water produced numerous Symptoms,
which included gastrointestinal distress and joint pains. These symptoms were also reported in a few
patients when a daily dose of 20 mg or more was administered to patients as treatment for bone
conditions (Shambaugh and Sundar, 1969; Rich et al., 1964). These symptoms are not believed to be
caused by chronic intake of fluoride at any dose level, let alone at the low fluoride exposure levels
cited by Waldbott. These findings have been dismissed for the following reasons: 1) insufficient
clinical and laboratory evidence of allergy or intolerance to fluorides used in the fluoridation of
community water; and 2) no evidence of immunologically mediated reactions in a review of the
reported allergic reactions (Austen et al., 1971).
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A hypothesis of indirect or *secondary’ effects of fluoride on DNA or chromosomes is attractive in
light of the fact that there is no apparent mechanism by which many of the genotoxic effects observed
can be induced by direct interaction of fluoride with DNA.

SUMMARY

Genotoxicity studies of fluoride which are highly dependent on the methods used, often show
contradictory findings. The most consistent finding is that fluoride has not been shown to be
mutagenic in standard tests in bacteria (Ames test). In some studies with varying methodologies,
fluoride has been reported to induce mutations and chromosome aberrations in cultured rodent and
human cells. The genotoxicity of fluoride in humans and animals is unresolved despite numerous
studies.

STUDIES INVESTIGATING THE CARCINOGENICITY OF FLUORIDE
ANIMAL STUDIES

Five carcinogenicity studies in animals have been reported in the biomedical literature. Three studies,
conducted before 1970 and interpreted as negative, had significant methodological limitations, as
judged by current standards of experimental design. They were inadequate due to incomplete
documentation of methods and results, incomplete selection of fluoride doses and inadequate
observation periods (Tannenbaum and Silverstone, 1949; Taylor, 1954; Kanisawa and Schroeder,
1969). IARC in 1987 reaffirmed its 1982 statement that data on animals were not sufficient for the
agency to evaluate the carcinogenicity of fluoride in animals (IARC, 1982; IARC 1987). Two
subsequent studies were conducted using current standards to evaluate the carcinogenicity of sodium
fluoride in experimental animals.

NTP Study

Since the IARC reviews, the National Toxicology Program (NTP) has reported results of a
carcinogenicity study. Earlier, NTP undertook a study to evaluate the carcinogenicity of fluoride, but
because of serious deficiencies in the methodology, the study was considered inadequate for evaluation
of carcinogenicity. In the more recent study, F344/N rais and B6C3F1 mice were treated with 25
ppm, 100 ppm, and 175 ppm sodium fluoride (see Table 28 for conversion). A detailed description of
the NTP study protocol, and results is available (DHHS, NIH Report No. 90-2848, 1990).

A panel of experts reviewed the recent study. Osteosarcomas of bone were observed in one mid-dose
and three high-dose male rats. No osteosarcomas were observed in control or low dose groups of
male rats. An extraskeletal osteosarcoma was also identified in a high-dose male rat. Because this
tumor did not originate in bone, it was not grouped with osteosarcomas of bone origin. Four of the
five osteosarcomas could be detected with either gross or radiographic examinations. Radiographs
were also used to identify osteotic changes (osteosclerosis).

Fluoride concentrations were determined in bone ash (see Table 29).
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TABLE 28

Approximate dose received by male and female rats
and mice during the NTP study®

Sodium Fluoride Fluoride Daily Dcse of Sodium Fluoride in Water
ppm ppm (Mg/kg Body Weight)
Male Rats Female Rats

25 11 1.3 1.3

100 45 52 32

175 75 8.6 9.5

‘ Male Mice Female Mice

25 11 24 2.8

100 45 9.6 112

175 79 16.7 18.8

* ppm sodium fluoride in drinking water (column 1) converted to ppm fluoride in drinking water
(column 2) and to mg/kg body weight (BW) sodium fluoride ingested by experimental animels
(columns 3 and 4).

TABLE 29

Fluoride Concentrations in Bone Ash
(ug F/mg ash)

RATS MICE
Dose Male Female Male Female
ppm
Control 0.445 0.554 0.719 0.917
25 0.978 1.348 1.606 1.523
100 3.648 3.726 3.585 4.370
175 5.263 5.554 5.690 6.241

A few squamous cell neoplasms were identified in the oral cavity of dosed and control rats, but the
incidences in the dosed animals were not statistically significantly increased compared to controls.
Thyroid follicular cell neoplasms were marginally increased in high dose male rats, but were not
considered chemically-related because of the absence of a supporting pattern of progression of increase
in hyperplasia, adenoma, and carcinoma. Keratoacanthomas were observed only in high dose female
rats, but other benign neoplasms arising from stratified squamous epithelium were observed in control
females. Uterine stromal polyps were observed in fewer treated than control rats. Malignant
lymphoma and histiocytic sarcoma were marginally increased in high dose female mice, but the rate in
the top dose group was similar to that typically seen in historical control groups and this was not
considered a chemically-related effect. The incidences of liver neoplasms in all groups of dosed and
control male and female mice were higher than incidences previously seen in NTP studies. Several of
the hepatocellular carcinomas had cell types and morphologic patterns consistent with hepatoblastomas
or hepatocholangiocarcinomas, and were classified as such. However, there was no overall increase in
hepatocellular neoplasms in dosed groups. The NTP peer review panel agreed with the conclusions
proposed by the NTP that stated there was no evidence of carcinogenic activity in female rats, or in
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male or female mice, and that the evidence conceming the association of the osteosarcomas in male
rats with chemical treatment was equivocal.

NTP stated:

The four osteosarcomas of bone (one in the mid-dose group and three in the high-dose groups)
in the current studies occurred with a statistically significant dose-response trend by the lo-
gistic regression test (p = 0.027); the pairwise comparison of the incidence in the high-dose
group versus that in controls was not statistically significant (p = 0.099). The statistical
significance of the trend test is increased when the subcutaneous osteosarcoma in the fourth
high-dose rat is included in the incidence, but the pairwise comparison remains not significant
(p = 0.057) As previously mentioned, because this tumor did not originate in bone, it was not
grouped with osteosarcomas of bone origin. The incidence of bone osteosarcomas of 3/80 and
the incidence of all osteosarcomas of 4/80 in the high-dose male rats are both significantly
greater than the rate of 0.6 percent for osteosarcomas and osteomas at all sites in control male
rats in the historical database. (NTP report, page 90).

The appropriateness of using the NTP historical data base in evaluating the significance of bone
tumors has been questioned for two reasons. First, the extensive procedures for the gross and
histologic examination of bones and teeth used in the NTP fluoride study differed significantly from
the procedures used in the studies that make up the NTP historical database. The limited number of
bones historically evaluated represented a hindrance to considering the historical data base in
evaluating the bone lesions from the extensive sampling done in this experiment. Second, animals in
this study were fed a low-fluoride basal diet (to approximately 8 ppm fluoride) as opposed to historical
controls that received a standard diet containing levels of fluoride of at least 20 ppm fluoride.

Because of differences in the standard methodology needed to conduct this experiment, investigators
deemed that concurrent controls were the most appropriate for a comparison of potential
fluoride-induced lesions. Some have: questioned the validity of not using historical controls, and some
have pointed out the difficulty inherent in assessing the validity of grouping the extraosseous
osteosarcoma with the osteosarcomas originating in bone. The NTP Peer Review Panel and the
authors of this report discussed these matters at length, and decided that concurrent controls were the
most appropriate comparators and that the osteosarcoma tumor was appropriately considered
separately.

The Peer Review Panel for the NTP studies concluded:

Under the conditions of these 2-year dose 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. There was no evidence of carcinogenic
activity in female F344/N rats receiving sodium fluoride at concentrations of 0, 25, 100, or
175 ppm (0, 11, 45, 79 ppm 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, cr 175 ppm in drinking water for 2 years.

The Peer Review Panel went on to approve the addition of a statement that further defined the term
"equivocal evidence" of carcinogenicity. The Panel said that:

Equivocal evidence is a category for uncertain findings demonstrated by studies that are
interpreted as showing a marginal increase of neoplasms that may be chemically related.
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Procter and Gamble Study

From 1981 to 1983, Procter and Gamble sponsored a carcinogenicity study which the Carcinogenicity
Assessment Committee, Center for Drug Evaluation and Research, Food and Drug Administration
(CAC/CDER/FDA) reviewed under an investigational new drug application (IND). This committee
advises the Center on the appropriateness of all carcinogenicity studies submitted with respect to study
design and validity, performance of the study, and interpretation of the results. The following
comments reflect that review. The Procter and Gamble study is described in more detail in the
CAC,CDER,FDA report (Appendix D).

The study was conducted with Cr:CD (Sprague Dawley) rats and Cr;;CD-1 (ICR) mice treated with 0
(C), 4 low (L), 10 medium (M), or 25 high (H) mg/kg/day per body weight sodium fluoride added to
a low-fluoride basal (Teklad semisynthetic) diet. The diet was mixed by adding the high dose to
Teklad low-fluoride basal diet analyzed as less than .01 ppm fluoride and diluting with diet for the two
lower doses. The diets were prepared on the basis of the estimated daily intake and animal weight.
Although the Procter and Gamble doses administered can be roughly compared with the NTP doses
administered (Table 28), measurements of absorption and the ultimate exposure of the rodents in the
NTP and Procter and Gamble studies have not been directly evaluated. A second control group (C,)
that received powdered Purina rodent chow was also studied for comparison of the dietary effects of
low-fluoride administered at a rate of about 1 mg/kg/day.

Bone radiographs of the female rats at terminal sacrifice were negative. Fluoride concentrations were
determined in bone ash (see Table 30). Because different bones were measured in the two studies and
the methods used to determine bone ash were dissimilar, no definitive comparisons can be made
between the NTP and the Procter and Gamble Studies.

TABLE 30

Fluoride Congentrations in Bone Ash (ug F/mg ash)

RATS MICE
Dose Male Female Male Female
Control 0.467 0.505 1.582 0.970
Control 0.691 0.781 1.676 1.264
4 mg/kg 5.014 4,541 4.405 3.380
10 mg/kg 8.849 8.254 7.241 6.189
25 mg/kg 16.761 14.428 13.177 10.572

Two osteosarcomas (malignant bone tumors) were identified in low-dose female rats that "died on
study" (did not survive until terminal sacrifice); also identified were one osteosarcoma in a high dose
male rat and one fibroblastic sarcoma (possibly with osteoid formation) in a mid dose male rat,
respectively (CAC report, Appendix D). Osteomas (benign bone tumors) increased in both male and
female mice.

By using the method of Peto et al., (1980) for analyzing statistically significant trends, tumor incidence
in the 4, 10, and 25-mg/kg BW groups (L, M, H, respectively) were compared with Teklad control
(C,) and Purina control (C2) and also to the combined control groups (C, + C). Compared with
control animals male rats had no statistically significant occurrence of osteosarcoma, fibroblastic
sarcoma, or combined osteosarcoma and fibroblastic sarcoma (p <0.2); female rats had no statistically
significant occurrence of osteosarcoma (p <0.6).
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Using the method of Peto et al. (1980) for analyzing statistically significant trends, researchers
compared tumor incidence in the groups of 4, 10, and 25-mg/kg BW mice (L, M, H, respectively) with
Teklad control (C,) and Purina control (C,) and also with the combined control groups (C;, + C). A
statistically significant trend was observed when treated animals with osteomas were compared with

1» G, or C; + G, (for male mice, p <0.0001; for female mice, p <0.003. A pairwise comparison for
high-dose (25 mg/kg BW) mice with C,, C,, or C, + C, also showed a statistically significant increase
in male mouse osteomas (p <0.0001) and female mouse osteomas (p <0.007).

The Procter and Gamble studies had a number of limitations, with uncertain effects on the
observations reported.

1) Only preliminary data from the draft reports were available for evaluation of the mouse
study because the researchers are rereading the slides (CAC report, page 3).

2) The Teklad diet may not have allowed the animals to grow and develop normally because
diet-related lesions (pale livers and gastric hairballs) were observed in all rats and mice
except those fed the Purina Rodent Chow.

3) The diet and water were often outside specifications having high levels of minerals, ions,
and vitamins. 1

4) FDA concluded that an inappropriate dose-determination study to assess the adequacy of
the dose was used. A dentifrice slurry was administered by gavage, which was not an
appropriate preparation for this carcinogenicity study of fluoride in the diet.

5) The survival rate for experimental animals, including Teklad control animals, was poor,
and studies had to be terminated prior to 2 years. As provided for prospectively in the
protocol, the experiment was terminated when any group’s size dropped to 10 survivors;
this occurred in the surveys of high-dose male mice, mid-dose female mice, low-dose male
rats, and control female rats. Thus the male and female mouse and the male and female rat
studies lasted 95, 97, 95, and 99 weeks, respectively.

6) In rats, researchers confirmed a virus during the pretest and suspected that it occurred (on
the basis of antemortem evidence) during the study. A Type C retrovirus was present in
the mice used in the study, and a Sendai viral outbreak was identified during weeks 32 to
36 of the study. The fact that the Type C virus was associated with osteoma suggests that
the virus may have caused the osteoma or that the virus was activated by rapid bone
growth (Finkel, 1973; Wilson, 1985). The causal relationship between the virus and the
lesions is not clear in this case because increased osteomas were observed at the
high-fluoride dose. The relationship between retrovirus and osteomas in humans is equally
unclear. The CAC also noted the difficulty in assessing the dose-related aspect of the
osteomas in mice since 1) all bones from animals sacrificed at termination were not
evaluated histopathologically, 2) demarcation between hyperostoses and osteoma was
highly subjective, and 3) diagnostic drift was apparent throughout the day. (see Appendix
D for further discussion).

Under the conditions of the study, the CAC observed that malignant tumors were not related to dietary
fluoride exposure in rats and mice. A highly significant increased frequency of benign tumors
(osteomas) was observed in high-dose mice (FDA, 1990).

It is important, in evaluating the adequacy of the data for extrapolation to humans, to understand the
unique timing of rat skeletal development. The rat is slower than most other mammals in bone
maturation. Ossification is not complete until after the first year of life (Strong, 1929, Baker et al.,
1979). This means that for half the rat two-year life span, the formation of bone or conversion of
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of cartilage inio bone, is incomplete. In humans, ossification is generally completed

ema of bone and cartilage are rare in the Fisher rat. Osteosarcoma is the more
curs more frequently in males than females, and cccurs more freqwr / in the
and th° vertebrae than the long bones (Borman and Eustis, 1990).

earch on Cancer reports that ostomas (benign) cccur in the 1onc and flat
are vague on the distribution of malignant and benign tumors.

T 50 rare in rodents that the histogenetic reiationship between benign
@ct be accurately stated.

Summary

The mouse data from the Procter and Gamble s‘Ludy can be bomparef‘ and contrasted with the NTP
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In 1975, the issue of water fluoridation and risk of cancer resurfaced, after a series of public
statements by Yiamouyiannis and Burk. Their claims were based on the analyses of cancer mortality
in cities with adjusted water fluoridation. (Yiamouyiannis, 1975a; 1975b; 1975¢; 1975d; Burk and
Yiamouyiannis, 1975). They analyzed age-standardized cancer mortality rates in various combinations
of counties with fluoridated and non-fluoridated water, and concluded that fluoridation accounted for
up to 22,500 excess cancer deaths per year (Burk and Yiamouyiannis, 1975). These analyses were
criticized for a number of methodological reasons, including the dissimilarity of the study populations
regarding a number of socioeconomic, racial, and other demographic factors that may affect cancer
rates (Oldham and Newell, 1977). Cancer rates vary widely across different age and sex groups. .
Failure to account for these differences in data analyses (through "adjustments” for age and sex) can
lead to improper interpretation of data. The general consensus was that these study results did not
show that fluoridation causes cancer.

In response to various criticisms of, their original analyses, Yiamouyiannis and Burk further analyzed

. time trends in cancer mortality among fluoridated (adjusted) and non-fluoridated cities (Burk, 1976;
Yiamouyiannis, 1977; Yiamouyiannis and Burk, 1977; Yiamouyiannis, 1980; Graham and Burk,
1984). They suggested that after 10 U.S. cities implemented adjusted water fluoridation programs,
cancer mortality rates increased rapidly when compared with rates in 10 non-fluoridated U.S. cities
during the same period. The greatest change in the crude cancer mortality rate occurred between 1953
and 1957, and their estimate of trend was based on the change in rates that occurred during this
period. These rates were not adjusted, however, for the age and sex of the various populations studied
and, as a result, were confounded (Ericson, 1978). Furthermore, the divergence in the crude cancer
mortality rates between the fluoridated and non-fluoridated cities was not a consequence of increased
cancer rates in the fluoridated cities, but was the result of a diminished rate in the non-fluoridated
cities. An evaluation of the city-specific cancer mortality trends during this time confirmed this
finding (Knox, 1985).

Yiamouyiannis and Burk conducted additional analyses of the same set of data, looking at cancer
mortality rates within broad age groups directly standardizing the data for the effects of age. These
analyses were criticized as having errors and inconsistencies in data analyses, inappropriate methods of
analyses, and a lack of statistical tests of significance (Taves, 1979; Kinlen and Doll, 1981).

Moreover, investigators have reanalyzed the cancer mortality data in the "20-cities studies" of
Yiamouyiannis and Burk (1977) and have not found any association between cancer mortality and
water fluoridation (Hoover et al., 1977; Doll and Kinlen, 1977; Oldham and Newell, 1977; Kinlen and
Doll, 1981; Chilvers, 1983).

Additional studies of the possible link between water fluoridation and cancer morbidity and mortality
have been conducted in several countries, including the United States (Hoover et al., 1976, Taves,
1977; Erickson, 1978; Rogot et al., 1978; and Chilvers, 1982), Great Britain (Kinlen, 1975;
Cook-Mozaffari et al., 1981; Griffeth, 1985; and Chilvers, 1985), Canada (Glattre and Wiese, 1978),
Austria (Binder, 1977), Australia (Richards and Ford, 1979), and New Zealand (Goodall and Foster,
1980). These studies failed to provide evidence for an effect of water fluoridation on cancer morbidity
or mortality.

Studies have been conducted of workers exposed to high levels of fluoride through the mining of
fluorospar or cryolite or in the production of aluminum or superphosphate. The route of exposure to
fluoride is usually through the inhalation of dust containing fluoride and is marked by relatively high
exposure levels. Skeletal fluorosis (clinical stage not defined) has been diagnosed in workers exposed
to high concentrations of fluoride dust in air for up to 45 years. Although increased risks of lung
cancer have been reported in several studies, presumably as a consequence of exposure to particulates
and other workplace carcinogens, no increased risk of bone cancers has been observed (de Villiers et
al., 1964; Gibbs and Horowitz, 1979; Milham 1979; Anderson et al., 1982; Grandjean et al., 1985).
Rockette and Arena (1983) observed an increased risk of cancers of the pancreas, genital-urinary tract,
and lymphohematopoietic system, but not of the respiratory tract in 20,000 workers who had been
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employed for S Or more years in an aluminum reduction plant. The increased risk of these types of
cancers was believed to have been caused by exposure to a variety of chemicals in the workplace.

bWast of the continuing imporiance of the question of fluoride in drinking water and human cancer,
several independent expert panels of epidemiologists have reviewed the relevant scientific literature.

The sr“ms:_ Working Party on the Fluoridation cf Water and Cancer (Knox, 1985) and an intemational
panel of epidemioiogists, convened by the Monographs Programme of the Imemaﬁonal Agency for
Researcn on Cancer (IARC, 1982), conducted the two most comprehen31v= evaluations. In zddition, a
subcommittee of the Drinking Water Committee of the U.S. National Academy of Sciences (NAS,
1977} reviewed the literature in the field of epidemioiogy.

Soth the Knox and IARC paJeTs censidered in detail all of the available evidence relating o fluoride
in Grinking water and cancer in human populations. With the exception of one study (Stocks, 1958} in
which individual fluoride intake from tea was considered, all of the available studies included in the
}_no" (1985) and IARC (1582) evaluations are descriptive studies in which both exposure and disease

were measured at the commumty level. Correlations of exposure and disease (or mortalitv) ratvs
meng population aggregations made in such studies are usually considered less satisfactory in
determining risk (or the lack thereof) than mvesnganons that ascertain individual exposures and health
outcoemes. However, the exposure measure used in correlational studies of fluoridated water and
cancer is unusual in that it applies to most or all of the populations within the study areas. This trend
may be changing because of other sources of fluoride in dental products and the diet, which wiil
JTObZ 1y result in disproportionate distributions of fluoride among individuals in a community.
Nevertheless, such studies may be better indicators of risk than other correlational studies such as
those of oceupation or ethnicity, where usually only a small fraction of a country’s populaticn is truly
zxposed or hag the rigk factor under study. In addition, consistent results showing either similar types
of associaticns or no associations between an environmental facter and cancer, from several different
populations and times, can increase confidence that there is or is not a real connection. All of the
expert panels have noted the relative strengths and weaknesses of these studies.

Expert panels agree that the available data provide no credible evidence for an association between
either natural fluoride or fluoridated drinking water and the risk of human cancer (IARC, 1932; Knox,
1685). The IARC expert working group (IARC, 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 fiuoride ingestion and mortality from cancer in humans.”

Additional Studies Completed Since The Knox Repori

Lynch (1984) studied cancer incidence in Iowa for the years 1969 to 1981, examining the relationship
betweefz cancer rates and adjusted or naturaily flucridated municipal drinking water in 158
municipalities with a total 1970 population of 1,414,878. A total of 66,572 cancer cases (including
cancer of all sites, the bladder, bone, breast (female), colon, lung, prostate, rectum, and other sites
combined) were evaluated in four sfudy groups, two each for controlled fluoridation and natural
fluoridation. In addition, the duration of exposure to fluoridated water was evaluated. Univariate and
multivariate cancer site sex-specific statistical analyses were performed. Eight sociodemographic
variabies were evatuated in multivariate models to account for any effect they may have had on the
fluoride-cancer relationship. The results showed inconsistent relationships between the exposurs
variable and cancer incidence rates and did not support a fluoride-cancer association. Although the
multivariate analysis indicated higher adjusted cancer rates for the fluoridated areas, the increase was
greater for populations with a shorter duration of exposure. Thus, Lynch (1984) concluded that the
data ¢id not support an association between water fluoridation and risk of cancer.
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National Cancer Institute Study (1990)

In view of the NTP study findings, Hoover and coworkers (1990) expanded and extended an earlier
analysis of all U.S. counties (Hoover et al., 1976) to determine the relationship of cancer mortality to
the fluoridation status of county drinking water. In the current reports (Appendices E and F), besides
evaluating an additional 16 years of cancer mortality data, the investigators examined pattemns of
cancer incidence between 1973 and 1987. Data on cancer incidence were collected through the
National Cancer Institute’s (NCI) Surveillance, Epidemiology, and End Results (SEER) Program, a
network of nine population-based cancer incidence registries begun in 1973 and covering about 10
percent (over 25,000,000 persons) of the U.S. population (Young et al., 1981; NCI, 1989). Incidence
data are especially important for the evaluation of bone osteosarcomas, since histology-specific
information is not generally available in mortality data. In addition, the interpretation of the mortality
data for bone cancer is limited, since bone is a frequent site of metastases for a number of common
malignancies, which may be misclassified as causing primary bone cancer deaths.

Incidence Study: For the incidence study, a county was considered exposed if the proportion of the
population served by fluoridated water (either adjusted or natural) increased from less than 10 percent
to greater than 60 percent within a 3 year period. Comparison counties were those with less than 10
percent of the population ever served, through 1987, by adjusted or naturally-fluoridated water, In
seven of the nine SEER areas fluoride exposure levels did not vary enough to allow meaningful
analyses. Two SEER areas, lowa and the Seattle metropolitan area, included both fluoridated
(exposed) and non-fluoridated (nonexposed) counties: 11 exposed and 14 nonexposed counties in
Iowa; 1 exposed and 7 nonexposed counties in the Seattle metropolitan area. To avoid potential
confounding due to racial differences in site-specific cancer rates, investigators limited both the
incidence and mortality analyses to the white population. Expected numbers of cancer cases were
derived from the rates in the nonexposed counties specific for age, sex, and region (Iowa or Seattle).
The measure of risk was the ratio of observed to expected cases (O/E incidence ratio or O/E ratio).
An O/E ratio greater than 1 indicates a possible association between exposure and the risk of a
particular cancer. Major emphasis was placed on changes in cancer risk relative to the time of
fluoridation in those counties that had adjusted fluoridation of water. For cancer sites that showed an
increasing O/E trend with increasing duration of fluoridation, or for those sites where the highest O/E
ratios occurred in the longest duration of fluoridation category, further, more detailed analyses were
conducted. Investigators further analyzed cancer incidence data from the Iowa and Seattle exposed
and nonexposed counties by Poisson regression techniques controlling for age, sex, calendar time, and
geographic area. They calculated risk ratios (RRs) by using the referent category of 1.0 for the
nonexposed counties. Ninety-five percent confidence intervals (CI) around the RR were calculated and
tests for trend in the ordered RRs were performed. Whether or not the CIs encompassed the point
estimate for another duration category was used as an indication whether the differences between the
RRs could be due to chance alone.

Bone and Joint Cancers: The O/E ratios for bone and joint cancer and for the subset of osteosarcomas
by sex and duration of fluoridation are shown in Table 31.

None of the O/E ratios were statistically significant. Overall, 91 osteosarcomas were observed in
rapidly fluoridated areas, compared with 93 expected cases based on rates prevailing in non-fluoridated
areas. No consistent patterns. emerged for the O/E ratios by interval from fluoridation that suggested
an effect either in the total group or in men or women separately.

In the regression analysis for bone and joint cancers and for the subset osteosarcomas, no consistent

pattern was seen for the RRs by duration of fluoridation for either sex or in the combined data.
Furthermore, there were no statistically significant trends in the RRs.
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TABLE 3

gxpecied incidence ratios® and observed numbers

of cases (W) for bone and joint cancers and 0steosarcomas,

pv duratior: of fiucridation for counties in the fowa and Seat
SEER Regisiries, 1973-198

1
(]

g

DURATICN OF FLUORIDATION (YEARS)

SITE SEX <5 5-9 10-14 15-1% 20+
Bone and Total® 12007 08@E7) 1067 1.1(65) T
Joint Cancer Male 1911y 0.9(24) 1.G6(40) 1.9031)
Female G.7( &} 1.0(23) 1L.O2T 1.2(38)
Osteosarconia Total® 125 0.8(113  C.320) 1.2(26)
Mele 2.5(6} £.8( 65 0.9(14) 0.8( %
Femaie 1.2(3) G.8( 5 1.8 6) 14011

* Relative to non-fluoridated counties (1.00), adjusted for age, calendar
time, and geographic area
> Also adjusted for sex

Cancers cf the Cral Cavity and Pharvnx: For cancers of the orai cavity and pharynx, in Iows, th
ratio was 1.2 in counties with water fluoridated for less than 5 years. The O/E ratio rose 1¢ i
counties fluoridated for 5 to 9 yeafs, to 1.7 for 10 to 14 years, and to 1.6 more than 14 ye(.rs_
increase in O/E ratios followed by a plateau reflected the experience of males, who showed ¢
0.8 in the shortest interval to about 1.6 for each of the longer duration categories. In the Se2
no consistent patterns were observed.

In the regression analyses for cancers of the oral cavity and pharynx, the overali patierns and
point estimates themselves were quite sn:m ‘ar to the patiems observed for O/E ratios. In Iowsa,
RRs for males and the sexes combined were lowest in the shortest duration-of-fluoridation Fawc»:
and then they increased to about 1.6 for each cf the subsequent intervals. Conversely, in Seaitle, the
RRs were lowest in the longest duration-of-fluoridation category for both males and femaies. In
Seattle, there was a trend towards decreasing RRs with increased duration of fluoridation. However, in
Iowa males, there was a positive trend for increasing RRs with increased duration of fivoridaiion. The
statistical significance of these trends was derived primarily from the difference between ihe value of
the RR in an extreme duration category compared with all of the others, rather than from a consisk
trend or gradient.

Ty,

Renal Cancer: The only patterns in the aggregate data that yielded any evidence of a positive
relationship between risks and duration of fluoridation were those for kidney cancer. in Iowa. the O/E
ratio for renal cancer rose from 0.9 in the less than 5 year category to 1.0 for the next three durasion
intervals and to 1.2 for the 20-or-more category. In Seatte, the O/E ratio rose from 0.8 in the i
than 5 year category, to 0.9 in the next two duration intervals and to 1.1 in the longest categm
19 years}. The sex-specific data were much more variable. An increasing trend with duration +
seen only among males in fowa. However, the highest O/E ratic occurred in the longes
category for thres of the four aree-sex groupings.

In the regressim analysis for renal cancer, paherr_ of the RRs and their values wers
those for the O/E ratios. The RRs for both xes combined in Seattle rose slightl y from
trend that was statistically significant (o = O~Q None of the other trends were signific




each registry-sex category, the confidence interval in the less than 5 year category included the point
estimate of the RR for the longest duration category, indicating no significant differences between the
RRs.

The renal cancer data were further broken down by time of diagnosis (1973-1980, 1981-1987), which
is an indicator of the consistency of an association. The consistent increase in the O/E ratios with

duration of fluoridation observed in the aggregate data for both sexes combined in Iowa and in Seattle
was not seen in any of the nine subgroups defined by sex, calendar-time, and registry. Therefore, the
association initially observed in the aggregate data was not corroborated by the time specific analysis.

Cancer Mortality Analysis: For the mortality analysis, only counties with more than 50 percent
urbanization in 1980 were included. A county was considered to be exposed if the proportion of the
population served by fluoridated water increased from no more than 10 percent to more than
two-thirds within a 3-year period. Comparison counties were those with no more than 10 percent of
. the population ever served by adjusted or naturally fluoridated water through 1985. The mortality
analysis thus was based on 123 fluoridated counties with a 1980 population of 40,703,109 persons,
accounting for 18 percent of the U.S. population, and 211 non-fluoridated counties with a population
of 32,757,238, accounting for 14.5 percent.

Analysis of O/E ratios for bone cancer mortality from 1950 to 1985 indicates no apparent trends that
relate to water fluoridation. Analysis of O/E ratios for 11,782 deaths in intervals ranging from 31 to
35 years before fluoridation to 30 to 35 years after fluoridation showed no consistent patterns. For
cancer mortality of the oral cavity and pharynx among males, the observed mortality generally ranged
from 30 to 50 percent above the expected values, but this excess applied to the periods before and
after adjusted fluoridation was begun, without any evidence of a trend. Analyses of cancer mortality
for other sites showed no consistent relationship between cancer mortality and time of fluoridation. In
fact, there was more evidence for an inverse relationship between water fluoridation and cancer
mortality than for a positive one.

Summary of Findings From the NCI Study: The investigators concluded that the long-term survey of
counties undergoing rapid fluoridation of community water supplies uncovered no consistent patterns
of cancer incidence or mortality that suggested a relationship to fluoridation. Cancer in one site, the
kidneys, showed a suggestive relationship between incidence rates and duration of fluoridation in the
aggregate data from the registries. However, no such trends were seen when incidence data were
examined from two separate periods, and the mortality data for renal cancer actually yielded some
evidence of an inverse relationship with duration of fluoridation.

In the report, the investigators said: ' "Thus in a study of over 2,300,000 cancer deaths in fluoridated
counties across the United States, and over 125,000 incident cancer cases in fluoridated counties
covéred by two population-based cancer registries, we identified no trends in cancer risk that could be
ascribed to the consumption of fluoridated drinking water.”

Additional NCI Evaluation of Osteosarcoma Incidence Data

Although the NCI evaluation of both the cancer incidence and mortality data indicates no consistent
associations with water fluoridation, the small number of osteosarcomas identified in the two registries
included in its study (N=91) and the apparent increasing incidence of bone and joint cancers in several
international cancer registries (Muir et al., 1987) led to a more detailed evaluation of osteosarcomas
using data from the entire SEER incidence data base for 1973 to 1987. The details of this analysis are
found in Appendix-F. The definition of the fluoridation status for counties included in this analysis is
described in the previous section. When the data from two time periods (1973 to 1980 and 1981 to
1987) were compared, researchers found no significant change in the rate of osteosarcoma over time
for both sexes combined, reflecting an 18 percent increase for males and an 11 percent decline for
females. Most of the increase among males occurred in those younger than 20 years of age at
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diagnosis, among whom the annual rate rose from 3.6 cases/10° (11 cases per year) from 1973 to
1980, to 5.5 cases/10° (14 cases per year) from 1981 to 1987. When the data were further analyzed on
the basis of fiuoridation status within the SEER registries, researchers found a greater increase in the
osteosarcoma rates between the two periods among males younger than 20 years of age in the
fluoridated counties than among their counterparts in the non-fluoridated counties. To determing
whether this increase was associated with fluoridation or with some other correlate of these flucridated
counties such as increased urbanization, the researchers assessed the relationship between the risk of
osteosarcomas and fluoridation while controlling for time. When this was done, there was no increase
in the risk of osteosarcoma in young men by duration of fluoridation. If fluoride was exerting an
effect on the rate of osteosarcomas the greatest risk would have been expected in those exposed (o
fluoridation for the longest time period. However, the reverse pattem was observed.

In summary, analyses of incidence data from the SEER program has demonstrated some age- and
sex-specific increases over time for bone and joint cancers and for osteosarcomas. These increases ar
more prominent in fluoridated than in non-fluoridated areas. Results of further analyses, however,
have shown that these increases are unrelated to the timing of fluoridation. This finding provides 1o
support for the theory that increases in the rate of osteosarcomas in young males are associated with
fluoridation of the water supplies.

The Epidemiology and Etiology of Osteosarcoma

Osteosarcoma rates are highest among persons younger than 20 years of age, a time when bones,
especially the long bones, are growing fastest. Among the possible exposures implicated in the
etiology of osteosarcoma, ionizing radiation is the best documented. Exposure to bone seeking
radioisotopes such as **Ra and *Ra, both alpha-ray emitters, has been shown 1o induce OSteOSATComas
in radium dial painters and in persons treated with **Ra for bone tuberculosis (Martland et al., 1925;
Mays and Speiss, 1984). High-dose radiotherapy has been shown to induce osteosarcoma (Tucker et
al., 1987), but exposure to high doses of exiernal gamma radiation from the atomic bombs in Japan
caused no increase in the frequency of osteosarcoma (Shimizu et al., 1990). Alkylating agents used in
cancer chemotherapy has induced the neoplasm in children (Tucker et al., 1987). Osteosarcoma is
occasionally familial (Miller, 1981; Li et al., 1989), and loss or inactivation of a tumor suppressor
gene has been identified as a cause (Knudson, 1989).

The age-specific incidence of osteosarcoma is bimodal with a peak incidence among persons 10 to i8
years of age and a decrease in rates among those between 20 to 50 years of age. Rates increase again
beginning in the sixth decade of life. In patients with osteosarcoma older than 60 years of age Huvos,
(1986) found that more than half had Paget’s disease, a sometimes familial bone disorder among older
persons. If fluoridation were a cause of osteosarcoma, one would expect the rates in persons older
than 60 years of age (at potentially greater risk for osteosarcoma because of the higher rate of Paget’s
diseases) to be greater in fluoridated than in non-fluoridated areas. The NCI evaluation of osteo-
sarcoma incidence data, however, indicate that fluorides are not a risk factor in this age group. See
Appendix G for a fuller description of osteosarcomas.

Summary

Over 50 epidemiologic studies have evaluated the possibility of an association between cancer
mortality and morbidity and fluoride levels in drinking water. With one exception, all available
studies are geographic evaluation studies or geographic time-trend correlation studies, in which the
measures of both exposure and disease are at the community level. Most epidemiologists consicer
studies of geographic correlations valuable in indicating the likelihood that positive links do or do not
exist or in demonstrating the feasibility of hypotheses. When the results from a number of such
studies (conducted in different times and places) converge to indicate an exposure-disease relationshig,
or consistently fail to indicate such a relationship, one’s confidence is bolstered in the coliective
findings of the studies. The collective body of information derived from more than 50 epidemisiogic
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studies, conducted in different populations and at different times, demonstrates no credible association
between water fluoridation and the risk of cancer.

Although the results of these studies do not show an association between fluoride and osteosarcomas
one must understand the limitations of these analyses. The ability of such correlation studies to detect
excess risk is limited in several respects, including the following; 1) the inability to measure fluoride
exposures among study subjects who'migrated into study areas before a diagnosis of cancer or death;
and 2) the difficulty or possibility of adjusting these studies to account for differences in risk factors
(or in confounding factors) between fluoridated and non-fluoridated areas, e.g., smoking, occupational
exposures, and dietary patterns. To the extent that migration is a factor, it is likely to diminish the
sensitivity of a geographic correlation study to detect possible excess risk. Confounding can give rise
to spurious results, such as positive associations where none are present or alternatively, the masking
of positive associations. An additional problem can arise in correlation studies in which mortality
statistics are used as end points, since geographic differences in cancer death rates for diseases with
good survival rates may not accurately reflect differences in the underlying cancer incidence rates.
With a few important exceptions, most of the epidemiologic studies of fluoridated water and cancer
are based on mortality statistics, which are also subject to misclassification for specific causes of death
because of inaccuracies in death certification. In situations where no associations can be shown, the
limitations of such studies in detecting small excesses must be considered. Even when many
investigators fail to observe exposure-disease associations, the possibility of small risks, undetected at
a population level, cannot be excluded. This is especially true for malignancies with a very low
incidence, such as osteosarcoma. If water fluoridation is associated with a few extra cases of bone
cancer in tens of millions of people, then no practical methodology exists which would be ablé to
detect an effect this small and attribute a causal interpretation. Findings of 10 to 20 percent
differences in rates, such as were measured in the Hoover et al. (1990) study, must be considered at
the limits of what can be detected given the incidence and mortality rates for these tumors.
Furthermore, the differences in levels of daily fluoride intake in fluoridated and non-fluoridated
communities are decreasing rapidly because of the availability of fluoride in dental products, fluoride
dietary supplements, foods and beverages. This fact also affects a study’s ability to detect a true
difference in cancer risk at the community level where individual exposures to fluoride have become
more homogeneous. Only by conducting an analytical epidemiologic study of osteosarcomas, where
potential exposures and other risk factors are directly measured, can a more precise assessment be
made. Therefore using the most sensitive data at this time there is no evidence of a association
between fluoridation of water and cancer.

-83-



FINDINGS AND CONCLUSIONS
FINDINGS
ASSESSMENT OF FLUORIDE EXPOSURE

In the 1940s and 1950s, fluorides in drinking water and food were the major sources of fluoride
exposure. Today, there are numerous sources of fluoride. Fluoride exposure in the United States has
expanded significantly because of: ' the availability of dental products containing fluoride, the
consumption of beverages and foods containing fluoride; and fluoride dietary supplements.

Estimates prepared for this report show that while fluoride exposure is greater in fluoridated areas
compared to nonfluoridated areas, there is fluoride exposure in both areas. In fact, this report
estimates that some children living in nonfluoridated areas who use fluoride dietary supplements can
receive about as much fluoride as children living in optimally fluoridated areas. In fluoridated areas,
most daily intake of fluoride is derived from drinking water, beverages and food. The inappropriate
ingestion by some children of fluoride containing toothpaste and mouthrinses can contribute
significantly to their total fluoride intake. Because well over 90 percent of all toothpaste marketed in
the United States contains fluoride it is difficult to obtain toothpaste without significant levels of
fluoride. 1

ASSESSMENT OF THE HEALTH BENEFITS OF FLUORIDE

Fluoride has substantial benefits in. the prevention of tooth decay. Numerous studies, taken together,
clearly establish a causal relationship between water fluoridation and the prevention of dental caries.
While dental decay is reduced by fluoridated toothpaste and mouthrinses, professional fluoride treatm-
ents and fluoride dietary supplements, fluoridation of water is the most cost-effective method. It
provides the greatest benefit to those who can least afford preventive and restorative dentistry and
reduces dental disease, loss of teeth, time away from work or school, and anesthesia-related risks
associated with dental treatment.

In the 1940s, children in communities with fluoridated drinking water had reductions in caries scores
of about 60 percent as compared to those living in non-fluoridated communities. Recent studies still
reveal that caries scores are lower in naturally or adjusted fluoridated areas; however, the differences
in caries scores between fluoridated and non-fluoridated areas are not as great as those observed in the
1940s. This apparent change is likely explained by the presence, in non-fluoridated areas, of fluoride
in beverages, food, dental products and dietary supplements.

Fluoride has been used for nearly 30 years as an experimental therapy to treat osteoporosis, but has
only recently been evaluated in controlled clinical trials. Two new U.S. clinical trials showed no
significant reduction in the rates of bone fractures related to the administration of fluoride. An FDA
advisory panel has concluded that fluoride therapy has not been shown to be effective in reducing the
frequency of vertebral fractures.

ASSESSMENT OF THE HEALTH RISKS OF FLUORIDE

Among the more significant health conditions evaluated in relation to fluoride intake are cancer, dental
fluorosis, and bone fractures. Other conditions are evaluated in the full report.

Cancer
Two major scientific approaches have been used to determine whether an association exists between

the use of fluoride and cancer: carcinogenicity studies in rodents, and human epidemiological analyses
which compare cancer incidence and mortality between communities with fluoridated water and those
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with negligible amounts of fluoride m drinking water.

Five carcinogenicity studies in animals have been reported in the biomedical literature. Three studies,
conducted before 1970 and interpreted as negative, had significant methodological limitations, as
judged by current standards of experimental design. Two subsequent studies were conducted using
current standards to evaluate the carcinogenicity of sodium fluoride in experimental animals.

One of the two carcinogenicity studies was conducted by the National Toxicology Program (NTP).
This peer-reviewed study provided sodium fluoride in drinking water to rats and mice and determined
the occurrence of tumor formation in many different organ systems. The peer review panel concluded
that, "Under the conditions of these 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. There was no evidence of carcinogenic activity in female
F344/N rats receiving sodium fluoride at concentrations of 25, 100, or 175 ppm (0, 11, 45, 79 ppm
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 ppm in
drinking water for 2 years." The Ad Hoc Subcommittee on Fluoride concurs with this conclusion.

The other carcinogenicity study was sponsored by the Procter and Gamble Company using Cr:CD
(Sprague-Dawley) rats and Cr1:CD-] (ICR) mice both treated with 0, 4, 10, or 25
milligrams/kilogram/day sodium fluoride added to a low fluoride-basal diet. A second control group
received powdered rodent chow. There was no evidence of malignant tumors associated with sodium
fluoride in mice and rats of either sex in the Procter and Gamble study. While there were two
osteosarcomas in the low dose female rats, one osteosarcoma in a high dose male rat, and one
fibroblastic sarcoma in a mid-dose male rat, these findings in treated animals were not statistically
different from controls. Male and female mice in the study did have a statistically significant increase
in benign bone tumors (osteomas). The significance of a Type C retrovirus, detected in the osteomas,
remains to be determined. Osteomas and osteosarcomas are different in anatomical site and clinical
course. The FDA also noted difficulty in assessing the dose-related aspects of the osteomas in mice
(see page 75-6). Furthermore, osteomas and osteosarcomas are so rare normally in rodents that the
relationship between these tumors cannot be accurately stated.

When the NTP and the Procter and Gamble studies are combined, a total of eight individual
sex/species groups are available for analysis. Seven of these groups showed no significant evidence of
malignant tumor formation. One of these groups, male rats from the NTP study, showed "equivocal”
evidence of carcinogenicity, which is defined by NTP as a marginal increase in neoplasms--i.e.,
osteosarcomas--that may be chemically related. Taken together, the two animal studies available at -
this time fail to establish an association between fluoride and cancer.

There have been over 50 human epidemiology studies of the relationship between water fluoridation
and cancer. Epidemiological studies of fluoride usually attempt to identify statistical associations
between cancer rates and county or city-wide patterns of water fluoridation. Expert panels which
reviewed this intenational body of literature agree that there is no credible evidence of an association
between either natural fluoride or adjusted fluoride in drinking water and human cancer (IARC, 1982;
Knox, 1985). Interpretation of these studies is limited by the inability to measure individual fluoride
exposures or to measure other individual predictors of cancer risk, such as smoking or occupational
eXpOosures.

In March of 1990, the National Cancer Institute (NCI) updated and expanded an earlier analysis of
cancer deaths, by county in the United States, to determine whether there is or is not an association
between cancer and fluoride in drinking water. The new studies evaluated an additional 16 years of
cancer mortality data, and also examined patterns of cancer incidence between 1973 and 1987 in the
Surveillance, Epidemiology and End Results (SEER) Program cancer registries. SEER, an NCI
sponsored network of population-based cancer incidence registries, started in 1973 and represents
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ent of the U pupli ilon. The SEER registries were used to obtain incidence data on
oecza; ernmas;s placed on trends in osteosarcoma, Because mortality data do not
2 on tumor-specific pathology, analysis of osteosarcomas is limited to the incidence

The NCI stady identified no trends in cancer risk which could be attributed to the introduction of
fluoride inte drinking water. The study examined nationwide mortality data and incidence data from
izs in icwa and the Seattle, Washington metropolitan area. There were no consistent differences
cancer mortality rates: among males and females living in counties having initiated
ion compared with the trends in rates in counties without water fluoridation. The
¢ rates from cancer, including cancer of the bones and joints, were similar after 20-35
ion as they were in the years preceding fluoridation. In addition, there was no
1at1un<x hip between t’n_e ‘*".mcuon and duranon of ﬂuondanon and the paitemns of cancer incidence
rates, inciudin the tone and joint, and the subset of osieosarcomas (Appendix E}. For
example, ther rved cases of osteosarcoma in the fluoridated areas, when 93 cases were
expected bassd on rates in non-fluoridated areas..

wcied a more detailed evaluation of osteosarcomas using naticnwide age-adjusted
entire SEER database for the years 1973-1987 (Appendix F). Osteosarcoms is
a rare form cex, he causs of which is under study. Approximately 750 newly diagnosed
cases occur gach y n the United States, representing about 0.1 percent of all reported cancers.
Between two me per&ocq 1973-1580 and 1981-1987, there was an unexplained increase in the annual
incidence rates x;.f psteosarcoma in young males under age 20 from 3.6 cas‘*s per 1,000,000 people (88

he NCI zigo
mczaeme el

rr:gxstry casesy o 5.5 cases per 1,000,000 people (100 registry cases). § compares to a decrease in
young femaics of z s me age group from 3.8 cases per 1,600,000 people (87 reglst. v cases) 1o 3.7
cases per 1,9&; 0CG people ( 63 registry cases). The amount of increase observed in young males was

grzater in fluor; are'* than in non-flucridated areas. Although the reason for the increase in young
males remains to be clarified, an extensive analysis reveals that it is unrelated to introduction and
duration of flucridation.

in studying rare cancers, such as osteosarcoma, small increases in risk, on the order of five to 10
percent, wouid not 1;%31 y oe detected., While descriptive epidemiological studies are useful in
determining whether or not there is a credible association, the qualitative nature of any association, if
one exists, can best be determined through more refined methods, such as case-control studies.

Dental Fluorosis

Dental fluorosis has been recognized since the tum of the century in peopie with high exposure to
naturally occurring fluoride in drinking water. It has always been more prevalent in fluoridated than
non-fluoridated zreas. Dental fluorosis orily occurs during tooth formation and becomes apparent upon
eruption of the teeth. If ranges from very mild symmetrical whitish areas on teeth (very mild dental
flucrosis) to pitting of the enamel, frequently associated with brownish discoloration (severe dental
fluoresis). The very mild form barely is detectable even by experienced dental personnel. Moderate
and severe forms of dental fluorosis, ¢considered by some investigators as presenting a cosmetic
problem, do not appear 1o produce adverse dental health effects, such as the loss of tooth function, and
represents less than six percent of the cases of fluorosis nationally.

In the 1940s, sbout 10 percent of the populatlon displayed very mild and mild dental fluorosis when
ihe concemzahrm of fiuoride found naturaily in the drinking water was about 1 p it p r million (ppm).
ver the Iast &0 Years, in areas where fiuoride has been added to the drinking water to bring the total
ievel of fluoride b' ut 1 ppm (optimally fluoridated areas), there may havu been an increase in the

revalencs den iaE ﬂuoros s. In non-fluoridated areas, there is clear evidence that the total
prevaience of dental flugrosis has increased over the last 40 years.
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“The greater the fluoride exposure during tooth development, the greater the likelihood of dental
fluorosis. In the 1940s and 1950s, the major sources of fluoride were from drinking water and food.
Since then, numerous sources of fluoride have become available, including dental products containing
fluoride (e.g., toothpastes and mouthrinses) and fluoride dietary supplements. The inappropriate use of
these products can contribute significantly to total fluoride intake.

Increases in the prevalence of dental fluorosis in a population should be taken as evidence that fluoride
exposure is increasing. Because dental flucrosis does not compromise oral health or tooth function, an
increase in dental fluorosis, by itself, is not as much of a dental public health concern as it is an
indication that total fluoride exposure may be more than necessary to prevent tooth decay. Prudent
public health practice generally dictates using no more of a substance than the amount necessary (o
achieve a desired effect.

Bone Fractures

There is some suggestion from epidemiological studies that the incidence of certain bone fractures may
be greater in some communities with either naturally high or adjusted fluoride levels. However, there
are a number of confounding factors that need resolution to determine whether or not an association
exists. Additionally, other studies do not show an increase in the incidence of bone fractures; one
study provided evidence of a lower incidence of bone fractures in an optimally fluoridated community
as compared to a similar community with trace levels of fluoride in the water. Therefore, further
research is required.

Other Effects

Chronic low level fluoride exposure of healthy individuals does not appear to present problems in
other organ systems, such as the gastrointestinal system, the genitourinary, and the respiratory systems.

It is not yet clear whether fluoride is essential for reproductive performance. Several species are
sensitive to fluoride levels higher than those normally encountered, such that their fertility and
reproductive performance is impaired. The potential for adverse reproductive effects of fluoride
exposure to humans has not been adequately evaluated.

Fluoride is not a mutagen in standard tests in bacteria. While in rodent and human cells in tissue
culture, fluoride is considered to be a mutagen and is considered to cause chromosome breakage, the
genotoxicity of fluoride in humans and animals is unresolved despite numerous studies.

CONCLUSIONS

- Extensive studies over the past SO years have established that individuals whose drinking
water is fluoridated show a reduction in dental caries. Although the comparative dcgrec
of measurable benefit has been reduced recently as other fluoride sources have bccome
available in non-fluoridated areas, the benefits of water fluoridation are still clcarly
evident. Fewer caries are associated with fewer abscesses and extractions of tceth and
with improved health. The health and economic benefits of water fluoridation accruc 1o
individuals of all ages and socioeconomic groups, especially to poor children.

« Since the addition of fluoride to drinking water in the 1940s, other sourccs of fluoride
' have become available, including toothpastes, mouthrinses, and fluoride dictary
supplements. These sources of fluoride also have proven to be effective in preventing
dental caries.

« Estimates developed for this report show that fluoride cxposure is gencrally greater in
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fluoridated areas; however, there is fluoride exposure in both fluoridated and
non-fluoridated areas because of the variety of fluoride sources besides drinking water.
Beverages and foods are sources of fluoride, especially if they have been prepared with
fluoridated drinking water.

Optimal fluoridation of drinking water does not pose a detectable cancer risk to humans as
evidenced by extensive human epidemiological data available to date, including the new
studies prepared for this report. While the presence of fluoride in sources other than
drinking water reduces the ability to discriminate between exposure in fluoridated as
compared to non-fluoridated communities, no trends in cancer risk, including the risk of
osteosarcoma, were attributed to the introduction of fluoride into drinking water in these
new studies. During two! time periods, 1973-1980 and 1981-1987, there was an
unexplained increase of osteosarcoma in males under age 20. The reason for this increase
remains to be clarified, but an extensive analysis reveals that it is unrelated to the
introduction and duration, of fluoridation.

There are two methodologically acceptable studies of the carcinogenicity of fluoride in
experimental animals. The Procter and Gamble study did not find any significant
evidence of carcinogenicity in rats and mice of either sex. In the NTP study there was no
evidence of carcinogenicity in mice and in female rats. Male rats showed "equivocal”
evidence of carcinogenicity based on the finding of a small number of osteosarcomas.
"Equivocal" evidence is defined by NTP as "...interpreted as showing a marginal increase
in neoplasms that may be chemically related" (DHHS, 1990). Taken together, the data
available at this time from these two animal studies fail to establish an association
between fluoride and cancer.

By comparison with the 1940s, the total prevalence of dental fluorosis has increased in
non-fluoridated areas and may have increased in optimally fluoridated areas. Such
increases in dental fluorosis in a population signify that total fluoride exposures have
increased and may be more than are necessary to prevent dental caries. For this reason,
prudent public health practice dictates the reduction of unnecessary and inappropriate
fluoride exposure.

In the 1940s, drinking water and food were the major sources of fluoride exposure. Since
then, additional sources of fluoride have become available through the introduction of
fluoride containing dental products. Although the use of these products is likely
responsible for some of the declines in caries scores, the inappropriate use of these
products has also likely contributed to the observed increases in the prevalence of very
mild and mild forms of dental fluorosis.

Further epidemiological studies are required to determine whether or not an association
exists between various levels of fluoride in drinking water and bone fractures.

Crippling skeletal fluorosis is not a public health problem in the United States, as
evidenced by the reports of only five cases in 30 years. Crippling skeletal fluorosis, a
chronic bone and joint disease associated with extended exposure to high levels of
fluoride, has been more prevalent in some region outside the U.S.

Well controlled studies have not demonstrated a beneficial effect of the use of high doses
of fluoride in reducing osteoporosis and related bone fractures.

There is no indication that chronic low level fluoride exposure of normal individuals

presents a problem in other organ systems, such as the gastrointestinal, the genitourinary,
and the respiratory systems. The effects of fluoride on the reproductive system merit
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further investigation in animal and human studies.

Chronic low level fluoride exposure is not associated with birth defects. Studies also fail
to establish an association between fluoride and Down Syndrome.

Genotoxicity studies of fluoride, which are highly dependent on the methods used, often
show contradictory findings. The most consistent finding is that fluoride has not been
shown to be mutagenic in standard tests in bacteria (Ames Test). In some studies with
different methodologies, fluoride has been reported to induce mutations and chromosome
aberrations in cultured rodent and human cells. The genotoxicity of fluoride in humans
and animals is unresolved despite numerous studies.
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RECOMMENDATIONS

POLICY RECOMMENDATIONS

®

The U.S. Public Health Service should continue to recommend the use of fluoride to
prevent dental caries,

The U.S. Public Health Service should continue to support optimal fluoridation of drinking
water. Currently, the optimal level for water fluoridation is between 0.7 - 1.2 parts per
million, depending on mean daily air temperature for a geographic area.

The U.S. Public Health Service should sponsor a scientific conference(s) to recommend
both the optimal level of total fluoride exposure from all sources combined (including
drinking water) and the appropriate usage of fluoride containing dental products in order
to achieve the benefits of reduced dental caries and to minimize the occurrence of dental
fluorosis.

The U.S. Environmental Protection Agency should review its regulations concerning
naturally occurring fluoride in drinking water based on the outcome of the scientific
conference(s) recommended above and based on this report.

In accordance with prudent health practice of using no more than the amount necessary to
achieve a desired effect, health professionals and the public should avoid excessive and
inappropriate fluoride exposure. For example, health professionais should prescribe
fluoride dietary supplements only when the fluoride level of the home water supply is
known to be deficient. Parents should educate young children to minimize swallowing of
fluoridated toothpaste and to use only small amounts of toothpaste on the brush.

The U.S. Food and Drug Administration should review the labeling required for toothpaste
and other fluoride containing products to ensure that the public has adequate knowledge to
make informed decisions about their use, especially for young children (those under six
years of age).

Manufacturers of toothpaste should be encouraged to make the fluoride levels in their
products easily known. Manufacturers should determine whether toothpaste can be
dispensed in a dose limited container for use by children. Manufacturers of dental
products should explore whether the levels of fluoride can be reduced while preserving
clinical effectiveness.

State health and drinking water programs should keep physicians, dentists, pharmacists,
physician extenders, and communities informed about the fluoridation status of drinking
waiter. This information will enable residents and health professionals to determine the
need for water fluoridation or for supplemental forms of fluoride.

Communities with high naturai fluoride levels in the public drinking water supply should
comply with EPA regulations as mandated by the Safe Drinking Water Act. The current
primary and secondary maximum contaminant levels are 4 and 2 paris per million,
respectively.

An acticn plan to implement research and policy recommendations should be developed.





