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It is almost universally known and accepted by all reputable health
organizations that fluoride is effective in preventing one of the most
common of human diseases: dental caries. Although the actual substance
was unknown to him at the time, McKay [1], in the early 1900s, was the first
to note the caries-preventive effects of a presumably water-borne substance.
Subsequently, the substance in the water supply with caries-preventive
properties was identified as fluoride, and further research by Dean et al [2,3]
established 1.0 parts per million (ppm) as the optimal water fluoride
concentration. In 1945, fluoride was added to the water supply of Grand
Rapids, Michigan for the express purpose of caries prevention and, since
that time, fluoridation has become widespread in North America.

It was once believed that fluoride primarily was effective in caries
prevention through systemic ingestion during tooth development, and
fluoridated water and dietary fluoride supplements were developed to
accommodate this mechanism of action [4]. Current evidence strongly
suggests that fluorides work primarily by topical means through direct
action on the teeth and dental plaque [4]. Thus, ingestion of fluoride is
not essential for caries prevention, although as discussed below, water
fluoridation and dietary supplements have been found to be very effective in
caries prevention. In addition, some ingestion is inevitable with topical
agents (such as dentifrice) and, due to a number of factors, there are many
sources of fluoride in the diet. Moreover, there are consequences to excessive
fluoride ingestion. Therefore, it is important to monitor fluoride as a com-
ponent in the diet and as part of human nutrition.
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This article reviews therapeutic fluorides, sources of fluoride in the diet,
fluoride content of foods and beverages, daily fluoride ingestion, and
fluoride toxicity.

Therapeutic fluorides

Water fluoridation

In the United States, about 66% of the United States population on
public water systems receives fluoridated tap water (about 58% of the total
population) [5], whereas in Canada, about 40% receive optimally fluori-
dated tap water [6]. In addition, most of the largest United States cities are
optimally fluoridated [7].

‘‘Optimal’’ water fluoride concentrations that minimize the risk for both
dental fluorosis and dental caries vary between 0.7 ppm and 1.2 ppm,
depending on mean temperature. This variation in concentration is based on
the presumption that people in cold climates consume less water, on
average, than do people in warmer climates [8]. Thus, water systems in
colder climates are recommended to have higher fluoride levels than those in
warmer areas [9]. This assumption, based on limited studies from nearly 50
years ago, has recently been called into question [10].

Water sources, including private wells, vary greatly in fluoride content,
which can range from less than 0.1 ppm to 8.0 ppm or higher [11]. In the
United States, the Environmental Protection Agency has set the maximum
contaminant level for fluoride at 4.0 ppm for drinking water [9]. Under this
legislation (the Primary Drinking Water Standards), municipalities are
required to remove fluoride when concentrations exceed 4.0 ppm fluoride
[9]. The Environmental Protection Agency recommends fluoride concen-
trations not exceed 2.0 ppm, but this standard is not an enforceable one, so
municipalities are not compelled by force of federal law to remove fluoride
when concentrations are less than 4.0 ppm [9,12]. In the United States,
therefore, most tap water sources contain less than 2.0 ppm fluoride, with
a few municipalities containing between 2.0 ppm and 4.0 ppm fluoride and
some private wells in excess of 4.0 ppm fluoride.

Although tap water sources coming into homes and businesses are regu-
lated to some degree and fluoride levels are monitored, many individuals
consume water other than from their home tap water [13]. Although water-
softening systems do not remove fluoride, some water filtration systems can
remove it. For example, water filtration devices based on activated charcoal
remove little, if any, fluoride, whereas more expensive reverse osmosis or
distillation systems remove in excess of 90% of the fluoride [14–16]. In
addition, many individuals consume most of their water at work or school,
sites that may have very different fluoride concentrations from their home
tap water [13].
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Bottled waters have become increasingly popular in the United States
and Canada in recent years, with most bottled water containing less than 0.4
ppm fluoride. There can be considerable variation, however, in fluoride
concentrations among bottled waters. For example, one study found that
83% of bottled waters sold in Iowa contained <0.3 ppm fluoride, with 10%
having fluoride concentrations of 0.7 ppm or greater [17]. An earlier Iowa
study found that 9 of 12 bottled waters tested contained 0.3 ppm or less
fluoride and only one sample contained as much as 1.0 ppm [18]. Nowak
and Nowak [15] found that only 1 of 19 bottled water samples from Iowa
had fluoride concentrations of 0.75 ppm or higher, with the other 18 having
fluoride concentrations of 0.33 ppm or lower [14]. A study of bottled waters
in Texas found that 34 of 39 waters tested had fluoride concentrations of
0.30 ppm or less [16]. An earlier Texas study of bottled water fluoride
concentrations found no water with greater fluoride concentration than 0.79
ppm, with most bottled waters containing less than 0.30 ppm [19]. A study
of bottled waters used in Colorado found that most were low in fluoride, but
bottled waters with artesian well sources consistently had fluoride
concentrations of 1.20 ppm or higher [20]. Bottled waters purchased in
the greater Boston area were also found to be low in fluoride concentration,
with 14 of 24 products containing 0.30 ppm or less, and only 4 products
containing 0.7 ppm fluoride or higher [21].

Thus, fluoride ingestion from water can vary greatly for individuals over
time and from individual to individual because of differences in water
consumption, fluoride concentrations, filtration systems, and bottled water
use. For this reason, it is important that individual water sources be tested
for fluoride content before prescribing or recommending fluoride products
for young children (such as fluoride supplements) in order to limit their
fluoride ingestion.

Effectiveness of water fluoridation in caries prevention
There is overwhelming evidence that fluorides prevent dental caries in

both children and adults. The specific effectiveness attributable to water
fluoridation in caries prevention appears to be inversely related to the
number of other available fluoride exposures (eg, fluoride dentifrice). Thus,
early United States studies of the effectiveness of water fluoridation, con-
ducted before the advent of fluoride dentifrice and other sources of fluo-
ride, found that reductions in caries were on the order of 50% to 70%
for permanent teeth and 40% to 60% for primary teeth [13,22]. With more
widespread availability of fluorides from other sources, the effectiveness
attributable specifically to water fluoridation is less, so that more recent
estimates of water fluoridation effectiveness are in the range of 20% to 30%
[22–24].

Recent studies from outside North America are noteworthy in their
assessments of the effectiveness of water fluoridation. For example, a study
of caries in the primary dentition in fluoridated and nonfluoridated
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communities in the United Kingdom found a significantly higher proportion
of caries-free children in the fluoridated communities [25]. In contrast,
a study of a community that discontinued water fluoridation found no
increases in caries prevalence after 3 years and no significant differences
in caries prevalence between the previously fluoridated community and
a similar community that was never fluoridated [26]. It should be noted,
however, that individuals from both communities in the study received
intensive topical fluoride therapies including frequent fluoride varnish
applications that may have masked the benefits of fluoridation. Perhaps
more enlightening was a study of water fluoridation, caries, and socio-
economic status (SES) in 12-year-old United Kingdom children [27]. This
study found that water fluoridation was more effective in caries prevention
among children from lower SES families and that among children from
‘‘average’’ SES families, there was 37% less decay experience among those
in fluoridated areas compared with those from nonfluoridated areas [27].

Taken together, there is substantial evidence supporting the effectiveness
of water fluoridation in caries prevention. It is also clear, however, that the
effectiveness of water fluoridation is greatest in the absence of other fluoride
sources. Thus, although some would argue that water fluoridation is
unnecessary in light of the widespread availability of other fluorides, evid-
ence suggests that water fluoridation remains a very effective, economical
means of caries prevention [23].

Opposition to water fluoridation
As described by Newbrun [28], individuals opposed to water fluoridation

‘‘are a heterogeneous lot,’’ and they have used a variety of strategies to
argue against water fluoridation. Their arguments can be grouped into four
broad categories: (1) fluoridation is harmful to health, (2) fluoridation is
expensive and not effective, (3) fluoridation is an insult to the environment
and pollutes the ‘‘purity’’ of water, and (4) fluoridation infringes on
individuals’ free choice. Each of these areas is discussed individually below
[28,29].

Antifluoridationists have implicated fluorides, specifically water fluori-
dation, as causing a variety of diseases and conditions. These have included
cancer, birth defects, osteoporosis, AIDS, infertility, general mortality, and
numerous other diseases and conditions [29]. In making such arguments, the
antifluoridationists often cite poorly conducted or poorly controlled studies,
studies conducted with insects or animals, or anecdotal ‘‘evidence’’ but can
often make convincing arguments to lay audiences. For example, in an oft-
cited study that compared death rates among life-long residents of two small
Texas towns with vastly different water fluoride concentrations (8.0 ppm
and 0.4 ppm), antifluoridationists reported 14 deaths in the high-fluoride
community compared with only 4 deaths in the low-fluoride community
over a 10-year period [28]. The antifluoridationists, however, failed to point
out that the population was much older, on average, in the high-fluoride
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community, a factor that would easily explain the differences in the
respective death rates. As in the above example, rigorous scientific reviews
of the studies cited by the antifluoridationists have found absolutely no
evidence to support claims that fluoridation poses a serious health risk
[13,28].

The overwhelming evidence demonstrating the effectiveness of fluorida-
tion has effectively refuted claims that fluoridation is not effective or overly
expensive, and numerous analyses have confirmed the cost effectiveness of
fluoridation [13,23]. For example, a recent analysis of fluoridation con-
firmed its cost effectiveness while allowing for other fluoride exposures [23],
and the United States Centers for Disease Control and Prevention recently
listed water fluoridation as among the top ten public health measures of the
twentieth century [30] and strongly recommends its use [31].

Similarly, antifluoridationists’ claims that fluoridation is unnatural and
pollutes the environment have been refuted by the fact that virtually all
water supplies have detectable levels of naturally occurring water fluoride,
with many communities having naturally occurring fluoride concentrations
in the optimal range of 0.7 ppm to 1.2 ppm. In addition, fluoride is but one
of many chemicals added to water supplies so that few, if any, sources
dispense ‘‘pure’’ water, yet there is little concern about the addition of
chemicals other than fluoride [28].

Perhaps the antifluoridationists’ strongest argument is that by adding
fluoride to public water systems, some individuals who do not desire
fluoridated water receive it against their will, thus depriving them of their
freedom of choice. Again, however, there is little opposition to other
chemicals added to public water supplies, and numerous United States
courts have upheld the constitutionality of fluoridation [4,28].

In summary, although antifluoridationists have made numerous argu-
ments against water fluoridation, to date, none of their claims have demon-
strated any notable scientific merit, and higher courts have not supported
any of their legal arguments.

Dietary fluoride supplements

Dietary fluoride supplements were developed in the 1940s to take the
place of water fluoridation for those in nonfluoridated areas. Early studies
suggested that supplements were equally effective as water fluoridation in
caries prevention because several studies reported caries reductions of 50%
to 80% [4]. Most of these studies, however, had methodological flaws, and
more reasonable estimates of the caries-preventive effect of dietary fluoride
supplements are in the range of 20% to 30% [4]. Dietary fluoride supple-
ments are usually dispensed in the form of drops for infants and as chewable
tablets or lozenges for older children. In the United States, dosages range
from 0.25 mg to 1.0 mg F, per day, according to age and the fluoride
concentration of the patient’s predominant drinking water source (Table 1)
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[14,32]. In Canada, supplement recommendations are more conservative,
with supplements recommended only for high-risk children and only after
the eruption of the first permanent tooth, when the risk for developing
dental fluorosis is reduced [33].

Compliance with fluoride supplements is often low, so that many children
appropriately prescribed supplements do not receive them on the prescribed,
daily basis [34,35]. On the other hand, several studies have found that
physicians and dentists often prescribe supplements inappropriately, such as
when supplements are prescribed for children residing in optimally
fluoridated communities [36,37]. Thus, there can be considerable variation
in fluoride intake from the use of supplements because of variability in
compliance and prescribing patterns. The use of fluoride supplements has
frequently been identified as a risk factor for dental fluorosis. Because
supplements can be a significant source of ingested fluoride for children
receiving them [38–48], supplements should be targeted at children at high
risk for dental caries [31,33].

Fluoridated salt

Fluoridated salt was developed as an alternative to water fluoridation for
areas where water fluoridation was either politically untenable or technically
impractical. Thus, fluoridated salt is most widely used in central Europe and
in Central and South America. Salt fluoridation involves the addition of
potassium fluoride to table salt at a concentration of 250 mg to 350 mg
potassium fluoride per kilogram of salt [4].

There have been only limited studies of the effectiveness of salt
fluoridation in caries prevention but they have consistently shown that it
is effective [49–52]. For example, a cross-sectional study in Strasbourg,
France, demonstrated that children using fluoridated salt had decayed
or filled primary teeth (dft) values 35% lower, on average, than those
using nonfluoridated salt [50]. This difference was statistically significant,
although a difference of similar magnitude in decayed, missing or filled
permanent tooth surfaces (DMFS) was not [20]. Two repeat cross-sectional
studies comparing caries prevalence in children of the same age groups

Table 1

Recommended dietary fluoride supplement dosage (mg F/d)

Water fluoride concentration (ppm)

Age <0.3 0.3–0.6 >0.6

Birth–6 mo — — —

6 mo–3 y 0.25 — —

3–6 y 0.50 0.25 —

>6 y 1.00 0.50 —

From American Dental Association, Council on Dental Therapeutics. New Fluoride

schedule adopted: therapeutics council affirms workshop outcome. ADA News 1994;25:12–14.
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before and after initiation of salt fluoridation were conducted in Jamaica
and Mexico [49,51]. In both studies, dramatic reductions in caries prevalence
and severity were observed following the initiation of salt fluoridation
[49,51]. As with any study that compares findings across time, however, the
reductions in caries experience cannot be directly attributed to salt
fluoridation alone because other factors (such as changes in use of other
fluorides) may have played a role. It should also be noted that as a practical
matter, salt fluoridation projects have been limited to relatively small
geographic areas where food distribution systems are relatively simple. It
has been suggested that salt fluoridation in the United States and Canada
may not be practical due to the complexities of the food distribution
systems, the numerous salt processors and distributors, and the relative ease
of fluoridating water supplies [4].

Fluoridated milk

Similar to salt fluoridation, milk fluoridation was developed as an alter-
native to water fluoridation, although relatively few studies have effectively
assessed its effectiveness in caries prevention. Some studies from the 1960s
and 1970s suggested that milk fluoridation was very effective in caries
prevention; however, because these studies had serious methodological con-
cerns, milk fluoridation’s effectiveness could not be accurately assessed
[53]. Since that time, Stephen et al [54] reported, in a double-blind study,
that after 5 years, milk fluoridation resulted in a 48% reduction in DMFS
for a group of children drinking fluoridated milk (mean DMFS = 3.29)
compared with a control group (mean DMFS = 6.33). A study in Bulgaria
found that milk fluoridation reduced DMFS by 30% to 85%, depending on
the age of the children at the time of milk fluoridation [55]. This latter study,
however, was a repeat cross-sectional study and not a longitudinal one, so it
is difficult to attribute caries prevention entirely to milk fluoridation. It
should be noted that there are many potential obstacles to initiating milk
fluoridation, including logistical, financial, and legal ones, so that it remains
to be seen as to whether milk fluoridation will ever become a widespread
means of caries prevention [56].

Other therapeutic fluorides

There are a number of therapeutic fluoride products that may contribute
fluoride to the diet. These include dentifrice, with typical fluoride con-
centrations of 1000 ppm to 1100 ppm, over-the-counter 0.05% sodium
fluoride mouth rinses that contain 230 ppm fluoride, prescription 0.20%
sodium fluoride rinses that contain 920 ppm, and prescription fluoride gels
that contain 1000 ppm to 5000 ppm [57]. Although none of these products are
meant to be ingested, young children are often not capable of expectorating
and, thus, may ingest significant amounts of fluorides from these products.
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Because about 95% of all toothpaste sold in the United States and
Canada contains fluoride [57–59], dentifrice is a widely available source of
fluoride. Because of its ubiquity and relatively high fluoride concentration,
it can be a significant source of fluoride in the diet, particularly among
younger children. As reviewed by Levy [60], there is a great deal of vari-
ability in the use of fluoride dentifrice among individual children in terms of
amounts used, amounts ingested, and the age at which children begin to use
it. Based on previous studies, the review concluded that among 2-year-olds
and 3-year-olds, mean daily fluoride ingested from dentifrice was about 0.3
g, or about two thirds of the amount of dentifrice placed on the toothbrush,
but that there was a great deal of variability in amounts ingested [60].

Because of their high fluoride concentrations, professionally applied
fluoride therapies such as fluoride varnish (22,000 ppm) and office topical
gels and foams (9,000–12,300 ppm), can be potential sources of large
amounts of ingested fluoride, although they are typically used only on a
semiannual basis [4]. Thus, use of such products should be done with
caution for patients (such as young children), for whom acute fluoride
toxicity is a consideration. In particular, due to the amount of product used,
office topical gels and foams should be avoided in younger children to avoid
acute toxicity (discussed later in this article) except in patients with a high
risk for caries and a clear need for aggressive caries prevention.

Sources of fluoride in the diet

Foods and beverages can be sources of substantial amounts of fluoride in
the diet. Some of the fluoride in the diet can be attributed to the so-called
‘‘halo effect’’ or ‘‘diffusion effect,’’ whereby persons not residing in fluori-
dated communities who consume products from fluoridated communities
receive some of the benefits of fluoridation [13]. In this way, fluoride from
fluoridated water becomes incorporated into products containing water
or products that are processed with water. In addition, specific foods and
beverages have relatively high fluoride concentrations due to a variety of
natural and food-processing factors. Thus, a variety of foods and beverages
can contribute fluoride to the diet.

Fluoride content of foods and beverages

Fluoride content of foods
The fluoride concentration of foods has not been widely reported, but it

appears that most foods that are found to have relatively high fluoride
concentrations generally are not inherently rich in fluoride. Instead, their
high fluoride concentrations are typically the result of specific manufactur-
ing processes. For example, certain processed chicken products have been
found in separate studies to have fluoride concentrations of 4.4 ppm [61]
and 10.0 ppm [62] due to the mechanical deboning process whereby bone
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fragments high in fluoride are mixed with the meat. Similarly, although
seafood often contains moderate levels of fluoride [63], drying seafood con-
centrates the fluoride; one study reported the fluoride concentration of dried
fish and seafood to be as high as 40.0 ppm [64].

The majority of foods assessed for fluoride are those meant for infants
and young children. As with chicken and seafood, food processing often
concentrates fluoride, and foods processed with fluoridated water typically
have higher fluoride concentrations than foods processed with non-
fluoridated water. The method and site of processing infant cereals has
been shown to affect their fluoride concentration. A study that found
marked differences between cereals processed in fluoridated and non-
fluoridated areas [62] showed that cereals processed in a fluoridated area had
fluoride concentrations ranging from 3.8 ppm to 6.3 ppm, whereas those
processed at nonfluoridated sites had fluoride concentrations of 0.9 ppm to
2.1 ppm [62]. Among other infant foods, a creamed spinach product was
reported to have a fluoride concentration of 2.0 ppm [65], whereas at the
other extreme, peaches and pears have been reported to have fluoride
concentrations of about 0.1 ppm [62]. Most infant food products, however,
fall into the range of 0.3 ppm to 0.7 ppm [62,65].

Fluoride content of beverages
Soft drinks are very popular and widely consumed beverages among

adults and children in the Unites States and Canada [66]. As with food
products, most studies suggest that the fluoride concentration of soft drinks
depends largely on the fluoride concentration of the water used in manu-
facturing. A study of soft drinks manufactured in Houston, Texas,
illustrated this observation [67]. At the time of the study, Houston had
numerous bottling plants throughout the city, and water fluoride levels
varied in different parts of the city. The study found that soft-drink fluoride
concentrations closely matched the fluoride concentrations of the bottling
plants’ water supplies and varied from 0.03 ppm to 1.55 ppm [67]. This
observation was also made in other studies [68–71], which generally found
that the fluoride concentrations in soft drinks were slightly less than the
water fluoride concentrations of the manufacturing plants where the bev-
erages were bottled. An important observation from one study was that
soft-drink manufacturing and distribution is very complex, in that the same
brand and flavor of soft drink sold in a given location may be manufactured
at many different sites, depending on the size and type of container and type
of packaging [68]. Often, different manufacturing sites have different water
fluoride concentrations, resulting in different fluoride concentrations of the
soft drink [68].

Tea and coffee are popular beverages in the United States, Canada, and
throughout the world. Although coffee itself contains little fluoride (the
fluoride content of brewed coffee is almost entirely dependent on the
fluoride concentration of the water source used in brewing), teas have
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naturally high fluoride concentrations [66,70,72,73]. Mean fluoride concen-
trations among regular teas have been found to range from 1.33 ppm [66] to
2.56 ppm [70]. Decaffeinated teas have been reported to have significantly
higher fluoride concentrations than regular teas [72] (3.19 ppm for de-
caffeinated tea compared with 1.50 ppm for regular tea). In contrast to
regular and decaffeinated teas, herbal teas have been reported to have very
low fluoride concentrations of less than 0.10 ppm [72].

Fruit juices, juice drinks, and fruit-flavored drinks are also popular
beverages, especially among infants and children. As with soft drinks, the
fluoride content of juice and juice-flavored products varies with differences
in water fluoride concentrations at the processing sites [62,74]. Also, similar
to soft drinks, there may be considerable variation in the fluoride
concentrations of fruit juices and juice drinks within the same type, brand,
and flavor of product, dependent on the site of manufacture. For example,
an Iowa study found that a particular brand of apple juice processed at
a nonfluoridated site was found to have a fluoride concentration of less than
0.1 ppm, whereas the exact same brand manufactured with fluoridated water
had a fluoride concentration of 0.57 ppm [74]. The same study found that
grape juices, particularly white grape juices, had elevated levels of fluoride
compared with other juices and juice products [74]. The mean fluoride
concentration for white grape juice was 1.33 ppm, whereas for other grape
juices, the mean fluoride level was 1.00 ppm [74]. For specific juices or juice
drinks, the highest fluoride concentration was 2.80 ppm for a white grape
juice, whereas some brands of orange juice had fluoride concentrations of
less than 0.10 ppm [74]. Other studies found wider ranges of fluoride con-
centrations in juices and juice products, with some white grape juices having
fluoride concentrations over 4 ppm [70,75]. For example, Pang et al [70]
found that the fluoride concentrations ranged from 0.01 ppm to 6.70 ppm
for juices and juice drinks in North Carolina. Similarly, Stannard et al [75]
found the range of fluoride concentrations was 0.15 ppm to 6.80 ppm among
43 juices and juice products in the Boston area. Overall in these studies,
about 20% to 40% of juices and juice drinks tested had fluoride con-
centrations of 1.0 ppm or greater, whereas about half had fluoride
concentrations of 0.30 ppm or less [70,74,75].

Infant formulas can be a potentially important source of fluoride in very
young children. Infant formulas are sold as either ‘‘ready to feed’’ or as
a concentrate that is mixed with water. Formula concentrates mixed with
fluoridated water may be an especially significant source of ingested fluoride
because formula is often the only constituent of an infant’s diet, and infants
may ingest 1 L/day or more of infant formula [17,34,76]. Prior to 1979, there
was a great deal of variation in fluoride concentration among brands of
infant formula in the United States, with some ready-to-feed infant formulas
exceeding 0.7 ppm fluoride and many formulas with fluoride levels of 0.4
ppm to 0.5 ppm [62,76]. Manufacturers in the United States voluntarily
reduced the fluoride concentrations of infant formulas beginning in 1979
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[34,77], whereas in Canada, infant formula makers delayed reductions in
fluoride content [34,78]. Even with the voluntary reductions in fluoride
concentrations to levels of about 0.15 ppm to 0.30 ppm for most ready-to-
feed formulas [17,77,79], these sources sometimes contribute substantially to
infants’ fluoride intake. Soy-based infant formulas generally have been
found to have higher fluoride concentrations than do milk-based products
[78]. Lastly, cow’s milk and human breast milk have very low fluoride
concentrations of about 0.04 ppm and 0.01 ppm, respectively [17,76,80].

Fluoride concentrations of infant formula were documented by a recent
study in Iowa that reported on 33 brands of infant formulas [17]. These
included ready-to-feed formulas and liquid and powder concentrates. The
mean fluoride concentrations ranged from 0.12 ppm for milk-based liquid
formula concentrates mixed with deionized water to 0.30 ppm for soy-based
ready-to-feed formulas [17]. Higher fluoride concentrations are obtained
when concentrates are mixed with optimally fluoridated water, so that
fluoride concentrations can range up to 1.0 ppm for powder concentrates
and 0.5 ppm for liquid concentrates [14,17].

Daily fluoride ingestion

There is no specific nutritional requirement for fluoride, and fluoride is
recommended in the diet solely as a means of caries prevention [63]. Thus,
the so-called ‘‘adequate intake’’ level is ‘‘based on estimated intakes that
have been shown to reduce the occurrence of dental caries’’ [63]. The
adequate intake levels of fluoride are 0.01 mg/day for infants up to 6 months
of age, 0.5 mg/day for children 7 to 12 months of age, 0.7 mg/day for 1-year-
old to 3-year-old children, 1.0 mg/day for 4-year-old to 8-year-old children,
2.0 mg/day for 9-year-old to 13-year-old children, 3.0 mg/day for females 14
years and older and males 14 to 18 years old, and 4.0 mg/day for males
19 years and older [63]. These adequate intake levels generally parallel the
‘‘optimal’’ fluoride intake range of 0.05 to 0.07 mg fluoride per kilogram
body weight, first described by McClure in the early 1940s [12].

As described previously [81], a number of studies have attempted to
estimate the mean daily fluoride ingestion of children and young adults
using a variety of techniques. Such estimates of fluoride intake are in-
herently difficult given the great deal of variation that exists, not only in
individual consumption patterns but also in the fluoride concentrations of
various foods and beverages as described previously [81]. In general, studies
and reviews [14,34,60] of total fluoride intake from diet and dentifrice
[12,35,62,65,69,71,82–90] suggest that mean intake levels for children fall
just short of meeting the adequate intake levels for fluoride. Several studies,
however, suggested that children residing in fluoridated communities have
higher mean fluoride intakes than those in nonfluoridated areas [82,83,
86,87] and, in at least one study, the mean for those in fluoridated areas may
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have exceeded the adequate intake level [89]. Given the increased prevalence
of fluorosis (discussed later), it may be necessary to revise downward the
adequate intake levels for fluoride. Unfortunately, because there are no
studies that have specifically linked amounts of ingested fluoride from all
sources to fluorosis occurrence, further research is needed before definitive
recommendations can be made.

Fluoride toxicity

Chronic toxicity—skeletal and dental fluorosis

Chronic overingestion of fluoride can result in two distinct types of
fluorosis: skeletal fluorosis and dental fluorosis. Skeletal fluorosis is char-
acterized by joint stiffness and osteosclerosis in milder forms, whereas more
severe skeletal fluorosis can include calcification of ligaments, muscle wasting,
osteoporosis, and neurologic deficits [63]. The severity of the disease appears
to be directly related to the magnitude and duration of high-fluoride exposure
[63]. At low levels of chronic exposure such as with optimally fluoridated
water, fluoride appears to slightly increase trabecular bone mass but has
little effect on cortical bone [91–93] and little effect on overall skeletal health. It
has been estimated that skeletal fluorosis begins to become symptomatic after
about 10 years of fluoride exposure of at least 10 mg/day [63]. A case has also
been reported where skeletal fluorosis occurred after 6 years of 50 mg/day
fluoride exposure [63]. Skeletal fluorosis is very rare, with only five cases
reported in the United States since the early 1960s [63].

Dental fluorosis is a much more common condition than skeletal
fluorosis and is characterized by diffuse opacities on the enamel surfaces of
the teeth. Dental fluorosis can occur in the primary dentition [94] and in the
permanent dentition but is much more common in the permanent dentition
where it is generally more noteworthy because of cosmetic concern [94]. In
the permanent teeth, the diffuse opacities follow the perikymata—the
developmental lines that horizontally cross the enamel surface—and may be
associated with increased porosity [63]. In more severe cases, the porosity
may become stained or coalesce into discrete pits. Figs. 1 and 2 represent
examples of moderate fluorosis and severe fluorosis, respectfully. Dental
fluorosis occurs as a result of high fluoride ingestion early in life, primarily
during the maturation phases of enamel development [95–98]. The amount
of daily fluoride ingestion required to produce detectable fluorosis, the
duration of such exposure required to produce it, and the precise time when
specific teeth are most susceptible, however, remains in question and has
been the subject of intensive study [39,95,96,99–102].

There is compelling evidence that the prevalence of dental fluorosis has
increased in the United States and Canada in recent years [97,103–105],
particularly in nonfluoridated communities [38,97,103,105,106]. Fluorosis
prevalence is generally higher in fluoridated communities [103,107] as
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evidenced by analysis of national data in the United States where dental
fluorosis prevalence was 46.4% among children with lifelong exposure to
optimally fluoridated water or water with higher-than-optimal fluoride levels
compared with 16.1% for children with no exposure to water fluoridation
[107]. Recently, Beltrán-Aguilar et al [103] described fluorosis prevalence
changes between the time of Dean’s work [2,3] in the 1930s and more recent
data from the late 1980s. In these analyses, the authors confirmed that
prevalence had increased most in areas of low water fluoride concentrations
[103]. Other studies in localized areas of the United States and Canada also
have reported higher dental fluorosis prevalence in fluoridated areas than in
nonfluoridated ones [108–110], as well as generally higher prevalence rates
than in the United States national study [27,40,111,112].

As discussed previously, due in part to the complexity of estimating total
fluoride ingestion, the amount of fluoride exposure necessary to cause dental
fluorosis is largely unknown. Instead, most studies of dental fluorosis have
focused on identification of risk factors. In general, studies have reported
that risk factors include dietary fluoride supplements [38–48] and early use
of fluoride dentifrice [41,43,45,88,95,110,111,113,114]. Other studies have
also implicated prolonged use of infant formula [114] and exposure to
fluoridated drinking water [111].

Fig. 2. A case of severe dental fluorosis. Pitting of the enamel surface and irregular areas of

opaque, white enamel characterizes severe dental fluorosis. These features are often

accompanied by dark (brown) staining of the enamel.

Fig. 1. An image of moderate fluorosis for a patient in the mixed dentition. Note the irregular

areas of opaque, white enamel on the maxillary central incisors, and the characteristic white

striations present near the incisal edges of the lateral incisors.
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Perhaps the most important research regarding risk factors for dental
fluorosis was conducted in New England by Pendrys and colleagues [42–47].
In this research (a series of case-control studies of children in fluoridated
and nonfluoridated communities), risk factors for fluorosis in fluoridated
communities included use of fluoride supplements [42,45,47] and powdered-
concentrate infant formula [47], as well as greater frequency and amount of
fluoride dentifrice used during the first 8 years of life [42,45]. In non-
fluoridated areas, risk factors included early, frequent tooth brushing [46],
supplement use [43,46], and high household income [43].

Acute toxicity

Acute ingestion of highly concentrated fluoride compounds can have
toxic effects ranging from nausea and vomiting to death [57,115]. Younger
children are most at risk for experiencing toxic effects through ingestion of
large amounts of fluoride relative to body weight. There is little human data
to estimate toxic doses of fluoride, but Heifetz and Horowitz [115] estimated
that acute ingestion in excess of 8 mg F per kilogram body weight could
result in toxic effects and that acute ingestion of 32 mg to 64 mg F per
kilogram could result in death. Thus, for adults weighing 70 kg (154
pounds), death from fluoride poisoning would require ingestion of 5 g to
10 g F; for 3-year-old to 6-year-old children weighing 20 kg (44 pounds),
ingestion of about 640 mg would result in death. To reach these levels of
ingestion, however, large quantities of fluoride products would need to be
consumed. Thus, for a child weighing 20 kg, ingestion of over 20 ounces of
dentifrice (1,100 ppm), equivalent to 4 to 5 tubes of toothpaste, would be
necessary to produce fatal results; however, consumption of only about
50 mL of an office topical gel (12,300 ppm) probably would be lethal in such
a child. This amount is equivalent to about 3 tablespoons, so that such
highly concentrated products should be used with extreme caution in
preschool-aged children. It should be remembered, however, that very few
deaths have been reported due to acute fluoride toxicity [4]. Some toxic
effects such as nausea, vomiting, and diarrhea may occur with fluoride
ingestion of about 5 mg to 8 mg per kilogram body weight [57,115]. Thus,
for a toddler weighing 10 kg (22 pounds), ingestion of an ounce of dentifrice
or less than 5 mL (1 teaspoon) of office topical fluoride gel may produce
symptoms of toxicity.

Summary

Fluoride continues to be the cornerstone of dental caries prevention in
North America and throughout the world [4], and there are a variety of
sources of fluoride that may contribute to the dietary intakes of fluoride.
Although the severe effect of chronic exposures to high levels of
fluoride—skeletal fluorosis—is extremely rare in North America, dental
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fluorosis has become more prevalent [97,103–105]. To address the increase
in dental fluorosis prevalence, recommendations have been made to reduce
fluoride ingestion early in life [31,116]. These recommendations have in-
cluded the introduction of lower concentration fluoride dentifrice for use by
young children [31,112], labeling of the fluoride concentration of bottled
water [31], and revised fluoride supplement guidelines to reduce or eliminate
their use [31]. Because our knowledge is incomplete regarding the amount,
duration, and timing of fluoride ingestion that can result in dental fluorosis,
however, further research is clearly needed before definitive recommenda-
tions can be made regarding the use of fluorides, including recommended
intakes of fluoride in the diet.
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