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ABSTRACT

Findings on the risk of bone fractures associated with long-term fluoride exposure from drinking water have
been contradictory. The purpose of this study was to determine the prevalence of bone fracture, including hip
fracture, in six Chinese populations with water fluoride concentrations ranging from 0.25 to 7.97 parts per
million (ppm). A total of 8266 male and female subjects>50 years of age were enrolled. Parameters evaluated
included fluoride exposure, prevalence of bone fractures, demographics, medical history, physical activity,
cigarette smoking, and alcohol consumption. The results confirmed that drinking water was the only major
source of fluoride exposure in the study populations. A U-shaped pattern was detected for the relationship
between the prevalence of bone fracture and water fluoride level. The prevalence of overall bone fracture was
lowest in the population of 1.00–1.06 ppm fluoride in drinking water, which was significantly lower (p < 0.05)
than that of the groups exposed to water fluoride levels>4.32 and<0.34 ppm. The prevalence of hip fractures
was highest in the group with the highest water fluoride (4.32–7.97 ppm). The value is significantly higher than
the population with 1.00–1.06 ppm water fluoride, which had the lowest prevalence rate. It is concluded that
long-term fluoride exposure from drinking water containing >4.32 ppm increases the risk of overall fractures
as well as hip fractures. Water fluoride levels at 1.00–1.06 ppm decrease the risk of overall fractures relative
to negligible fluoride in water; however, there does not appear to be similar protective benefits for the risk of
hip fractures. (J Bone Miner Res 2001;16:932–939)
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INTRODUCTION

FLUORIDE IS ubiquitous in our environment, and it is the
most electronegative and reactive of all elements.(1) His-

torically, the association between fluoride and prevention of
dental caries was first recognized in the 1930s in studies on
chronic endemic dental fluorosis. It was noted that people

living in communities with a natural fluoride content of 1
part per million (ppm) or more in drinking water had about
50% fewer dental caries than those with water containing
0.1–0.3 ppm fluoride.(2,3) Subsequently, several indepen-
dently conducted studies in the 1940s confirmed the cario-
static efficacy of fluoride.(4–7) Based on these findings, it
was suggested that drinking water be fluoridated to an
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“optimal” level, which ranges from 0.7 to 1.2 ppm in the
United States depending on the ambient air temperature in
the area.(8,9) The fluoridation of drinking water supplies has
proceeded at a steady rate since its introduction in the late
1940s. Currently, a significant portion of the U.S. popula-
tion is exposed to drinking water that has been fluoridated
artificially or naturally. In 1992, the U.S. population sup-
plied with drinking water of 0.7–1.2 ppm fluoride was 62%,
and the target was to reach 75% by the year 2000.(10) The
rest of the U.S. population has at least some fluoride expo-
sure through the use of toothpaste, mouthrinse, pediatric
supplements, and various dental materials. Water fluorida-
tion also has been practiced in most other developed coun-
tries, and many people in developing countries are exposed
to drinking water with natural fluoride.(11)

Although its cariostatic benefits have been well documented,
the safety of fluoridated drinking water has been controversial
since its introduction.(12) So far extensive research has inves-
tigated the most potentially negative side effects. Other than
fluorosis in populations of long-term, excessive fluoride intake,
studies have uncovered little evidence to suggest any important
health problems associated with the consumption of drinking
water containing approximately 1 ppm fluoride. However, the
question of effects of fluoride exposure from drinking water on
fracture risk remains unresolved. Generally, it is accepted that
excessive fluoride exposure conveys an increased risk for bone
fractures.(13) Less is understood regarding fracture risk at lower
exposure.(14) Available information in the literature is limited
and often contradictory. Reported results varied from an in-
creased risk,(15–18)to no effect,(19–22)to a decreased risk(23,24)

of fractures associated with exposure to fluoridated water.
The question of whether the exposure to fluoride in drinking

water for cariostatic purposes increases the risk of fractures is
both scientifically and politically important. With a significant
portion of the population exposed to fluoride, even small
increases in the risk will yield large increases in the number of
fractures, which will have a significant impact on public health.
On the other hand, unlike most potential risk factors that
depend on an individual’s personal choices, fluoride exposure
from drinking water is determined largely by public health
policy. Clearly, it is imperative that any potential risks associ-
ated with such exposure be well understood.

The purpose of this study was to determine the prevalence
of bone fractures in Chinese populations residing in rural
communities of various fluoride concentrations in drinking
water. Fluoride exposure in most populations in rural China
is limited to drinking water and diet, and there is virtually no
fluoride exposure from other sources such as fluoride sup-
plements and fluoride-containing dentifrice, mouthrinse, or
infant formula. Most Chinese still reside in the community
in which they were born, and mobility in the countryside is
practically nonexistent. Consequently, determination of the
history of fluoride exposure in individuals is relatively easy
and reliable.

MATERIALS AND METHODS

Before the conduct of the study, protocols and pertinent
documents were submitted to and approved by the Indiana

University Institutional Review Board (IRB). In addition, an
IRB was established at the collaborating institution in
China, the Institute of Environmental Health and Engineer-
ing, Chinese Academy of Preventive Medicine, and the
Single Project Assurance was approved by the Office for
Protection from Research Risks, National Institutes of
Health, Bethesda, MD. An informed consent letter was
provided to and signed by all participants before the initia-
tion of the project at each study site.

Six groups of subjects$50 years of age were recruited
randomly from communities of water fluoride concentra-
tions ranging from 0.25 to 7.97 ppm (Table 1). A minimum
of 25 years of continuous residence in the study communi-
ties and a lifelong exposure to the specified fluoride level in
drinking water was required for each participant. The resi-
dency of each subject was determined by the following
three measures: (1) objective assessment by checking the
Family Registry Book, an official document issued by the
government; (2) a subject survey questionnaire; and (3)
confirmation by village officials who were familiar with the
subject.

For each study site, samples of drinking water were
collected and analyzed for fluoride using the direct method
with a combination fluoride-specific electrode (no. 96-909-
00; Orion Research, Inc., Boston, MA, USA)). Eight addi-
tional elements in drinking water also were analyzed, in-
cluding calcium, aluminum, selenium, lead, cadmium, iron,
zinc, and arsenic. A modified International Organization for
Standardization ISO method(25) was used to determine the
fluoride content in ambient air. Surveys also were conducted
to ensure no other potential sources of fluoride exposure
(e.g., pollution, dentifrice, etc.) in the study populations.

Data collected from each subject included medical history
and demographic information, bone fractures, physical ac-
tivity as determined using the Chinese standard,(26) tea
drinking, cigarette smoking, and alcohol consumption. For
subjects reporting bone fractures, additional information
associated with each fracture was collected. The subjects
were questioned for the site (22 sites using an illustrative
drawing of the human body), age, and frequency of each
fracture as well as circumstances associated with the frac-
ture, including cause (eight categories), location (six cate-
gories), ground condition, and fall or without fall. If the
fracture received medical attention, efforts were made to
obtain the original records and X-ray film. For those without

TABLE 1. DEMOGRAPHIC DATA OF SIX CHINESE

POPULATIONS RESIDING IN COMMUNITIES OF VARYING

FLUORIDE CONCENTRATION IN DRINKING WATER

Group Water F (ppm) n Age (year) Male (%)

1 0.25–0.34 1363 62.66 9.3a 41.8
2 0.58–0.73 1407 62.76 9.1 47.0
3 1.00–1.06 1370 62.56 9.0 43.7
4 1.45–2.19 1574 63.66 8.8 44.5
5 2.62–3.56 1051 64.06 9.0 43.3
6 4.32–7.97 1501 61.36 8.4 52.4

a Mean6 SD.
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medical records, an X-ray of the bone with the reported
fracture was taken to verify the self-reported bone fracture.
In addition, each subject reporting fracture was questioned
for the information on falls within the last year, if any, and
the family history of hip fractures (parents, grandparents,
and siblings). Although the information on the number of
fractures per person was collected, the analysis defined
subjects as to whether they had the fracture or not and did
not use the count of multiple fractures in the same subject.

In addition, a 3-day dietary survey and analysis for di-
etary intake of calcium, protein, and fluoride were con-
ducted in a randomly selected 10% of subjects to ensure that
all study populations had adequate nutrition and to deter-
mine fluoride exposure from diet. The dietary fluoride and
brewed tea samples were analyzed using a modified method
of Taves,(27,28) and calcium and protein were determined
using Chinese National Standard procedures.(29)

For each class of fractures, the bivariate relationship was
first examined between the fracture rate and several demo-
graphic and lifestyle variables including gender, current
cigarette smoking status, consumption of alcohol, physical
activity level on the job, age, and body mass index (BMI).
Comparisons were made usingx2 tests for categorical vari-
ables andt-tests for continuous variables. Dose-dependent
analyses were performed using a multiple logistic regres-
sion model, which was used to compare fracture rates across
fluoride levels, while adjusting for demographic and life-
style variables, which were significant in the bivariate anal-
ysis. Adjusted odds ratios (ORs) were calculated based on
the coefficients in the multiple logistic regression models.

RESULTS

The demographic data collected from the six study pop-
ulations are summarized in Table 1. A total of 8266 male
and female Chinese subjects participated in the study. The
age distribution was comparable among the groups. The
gender composition also was similar except for the group of
the highest fluoride concentration (4.32–7.97 ppm) in drink-
ing water, which had more male participants than the other
five groups. The residency of all the subjects was verifiable,
and the majority of the subjects had been living in the same
community since they were born. For subjects who changed
residency, mainly because of marriage, water fluoride
within the specified range was verified for the previous
community in which they resided. Surveys indicated that
the environment, culture, ethnic background, social struc-
ture, and economic conditions of these populations had not
changed significantly during the past several decades. There
were no ethnic differences among the six study populations.
The level of physical activities was found similar among the
six populations, and over 90% of the participants in each
population were either farmers or housewives. The esti-
mated nutrition levels were adequate for all six populations
as determined by the dietary survey and laboratory analysis
of daily intake of protein, calcium, and calories, which was
performed in 10% of the subjects.

The analysis of water samples collected from water sup-
plies for the study populations confirmed the specified flu-

oride concentrations in drinking water. None of the study
subjects used fluoride-containing toothpaste or mouth-
washes, and the use of packaged beverages and canned food
was minimal. Surveys and analysis of meals found no
unusual sources of fluoride. Tea drinking was reported by
13.5% of subjects. The analysis of the brewed tea samples
showed that their fluoride concentration was largely deter-
mined by the fluoride concentration of water used. The
fluoride content in ambient air was negligible (,3 mg/m3)
in all populations. The calculated average total daily fluo-
ride intake was proportional to the water fluoride concen-
tration (Fig. 1).

The initial analysis of bone fracture data included overall,
spinal, and hip fractures since the age 20 years. There were
531 subjects reporting fractures; so, the prevalence of over-
all bone fracture in the entire study population was 6.42%.
Among these 531 subjects, 526 were confirmed fractures by
X-ray; so, the reliability of the reported fracture was 99.1%.
The mean ages of subjects with fracture were 63.4, 64.2,
63.5, 66.1, 64.6, and 62.1 years for groups 1–6 (Table 1),
respectively. Statistical analysis of the data showed that
only group 4 (1.45–2.19 ppm fluoride) and group 6 (4.32–
7.97 ppm fluoride) differed significantly, indicating that
subjects of fractures were slightly younger in the population
of the highest fluoride in drinking water. However, the
effect was not dose dependent.

The prevalence of overall bone fracture for each fluoride
level is presented in Table 2. Bivariate analysis of the data
showed that age, gender, alcohol consumption, and the level
of physical activity were significant factors for the risk of
overall bone fractures. Subjects with fractures were signif-
icantly older (p , 0.01) than those without fractures. More
males suffered fractures compared with females (p , 0.01),
and subjects who consumed alcohol had more fractures
(p , 0.01) than nondrinkers (Table 3). Gender and alcohol
consumption were highly correlated, with 46.9% of males
reported drinking alcohol and only 4.3% of females reported
drinking alcohol. The level of physical activity also had a
significant effect (p 5 0.05); it appeared that either exces-
sively strenuous activity or the lack of activity increased the
risk of fractures. No significant effect of cigarette smoking
(p 5 0.15) or BMI (p 5 0.80) on overall fracture rates was
detected. For the results of water calcium, aluminum, sele-

FIG. 1. Total daily fluoride intake in relation to fluoride concentra-
tion in drinking water in six Chinese populations.
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nium, lead, cadmium, iron, zinc, and arsenic, the data anal-
yses were adjusted for each of these elements by including
them individually in the logistic regression model for over-
all fractures. Only calcium (p 5 0.044) and iron (p 5 0.032)
showed a significant relationship with fracture but neither
one (nor any of the other elements) altered the results
concerning the six fluoride groups.

Table 2 also presents the ORs andp values from the
multiple logistic regression model adjusted for age and
gender. Alcohol consumption was not included in the model
because it was highly correlated with gender. Physical ac-
tivity was not included because it was no longer significant
when the small number of people with strenuous activity
was combined with the heavy activity group. Both the
populations with the lowest (0.25–0.34 ppm) and the high-
est (4.32–7.97 ppm) fluoride in drinking water showed a
significantly higher prevalence of overall fractures (p 5
0.01) than those residing in areas where the fluoride in water
was 1.00–1.06 ppm. The prevalence of overall fractures
was lowest in subjects with 1.00–1.06 ppm of fluoride in
water; however, it was not significantly different from the
values for the groups in which water contained 0.58–0.73
ppm, 1.45–2.19 ppm, and 2.62–3.56 ppm of fluoride. In
general, the trend of the fracture prevalence in relation to the
water fluoride concentration approximates a U-shaped pat-
tern (Fig. 2).

Table 4 presents the prevalence of hip fractures since age
20 years in the six populations and the results of the mul-

tiple logistic regression model. Among the 8266 subjects
surveyed, 56 suffered hip fractures, resulting in a prevalence
of 0.68%. Bivariate analysis of the data showed that sub-
jects with hip fractures were significantly older (mean age,
68.5 years vs. 62.7 years) and thinner (mean BMI, 21.2 vs.
22.6) than those without fractures (p , 0.01 for both).
However, no significant effects were detected for gender,
cigarette smoking, alcohol consumption, and the level of
physical activity. After adjusting for age and BMI, the risk
of hip fracture was significantly higher in the highest fluo-
ride group (4.32–7.97) than the population with 1.00–1.06

FIG. 2. Prevalence of overall fractures and fluoride concentration in
drinking water in six Chinese populations since the age of 20 years.

TABLE 2. EFFECT OFFLUORIDE EXPOSURE FROMDRINKING WATER ON PREVALENCE OF OVERALL FRACTURE SINCE THE AGE

OF 20 YEARS IN SIX CHINESE POPULATIONS

Water F (ppm) n (surveyed) n (fracture) Prevalence (%) ORa p Valuea

0.25–0.34 1363 101 7.41 1.50 0.01
0.58–0.73 1407 90 6.40 1.25 0.17
1.00–1.06 1370 70 5.11 1.00 —
1.45–2.19 1574 95 6.04 1.17 0.33
2.62–3.56 1051 64 6.09 1.18 0.35
4.32–7.97 1501 111 7.40 1.47 0.01

a Values relative to the 1.00- to 1.06-ppm fluoride group, adjusted for age and gender using multiple logistic regression.

TABLE 3. BIVARIATE ASSOCIATIONS OFOVERALL BONE FRACTURE RISKS SINCE THE AGE OF

20 YEARS WITH CATEGORICAL FACTORS

Variable Category Subjects Fracture (%) p Value

Gender Male 3771 7.48
Female 4495 5.54 ,0.01

Cigarette smoking Yes 3100 6.94
No 5166 6.12 0.15

Alcohol consumption Yes 1960 8.52
No 6299 5.76 ,0.01

Physical activity Very little 652 7.98
Light 2532 5.53
Moderate 4157 6.54
Heavy 912 7.13
Extremely strenuous 11 18.18 0.05
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ppm of water fluoride, which had the lowest prevalence. In
general, the hip fracture prevalence was stable up to 1.06
ppm of fluoride and then appeared to rise, although it did not
attain statistical significance until the water fluoride concen-
tration reached 4.32–7.97 ppm (Fig. 3).

Only 49 subjects in the entire study population reported
spinal fractures. None of the demographic factors examined
appeared to be related to spinal fracture. In the logistic
regression analysis, none of the fluoride groups differed
significantly from the group that had 1.00–1.06 ppm of
fluoride in drinking water.

The data were further analyzed for overall bone fractures
since the age of 50 years, and the results are summarized in
Table 5. In the bivariate analyses, age remained a risk
factor; subjects with fractures were significantly older than
subjects without fractures. The level of physical activity
also was significant (p 5 0.03) in relation to fractures (Table
6). However, no significant effects were detected for gender,
cigarette smoking, alcohol consumption, and BMI. There
were 311 people with fractures, and the overall prevalence
was 3.76%. The relationship between water fluoride level
and overall fractures showed a similar trend to the overall
fractures since the age of 20 years (Table 2); however, only
the group with the highest level of fluoride in the water
(4.32–7.97 ppm) had a significantly higher risk for fractures,
after adjusting for age, than the group that had 1.00–1.06
ppm of fluoride in the water. The pattern is similar to overall
fractures since the age of 20 years but less pronounced.

There were only 79 subjects who suffered fractures as a
result of a fall from less than standing height since the age
of 50 years, and the prevalence was small in all of the
populations. Therefore, no further analyses were performed.

DISCUSSION

Each year in the United States there are approximately 1.5
million fractures associated with osteoporosis. The annual
number of hip fractures is estimated to be around 250,000,
with the vast majority occurring in women over the age of
60 years. Although osteoporotic fractures generally are
viewed as affecting primarily developed nations, the rapidly
increasing population of elderly people in developing, par-
ticularly Asian, countries dictates that the problem of os-
teoporotic fractures will soon place major burdens on health
care systems in other parts of the world. Recently published
projections suggest that by the year 2020, Asian countries
may bear the majority of the world’s hip fracture burden.(30)

In China, the rates of hip fracture are low but have been
predicted to rise rapidly.(31) The identification of prevent-
able factors that increase risk for fractures is clearly an
important issue. Because of the increasing use of water
fluoridation for the prevention of dental caries in general
populations, it is imperative to understand the potential
impact of fluoride levels used on the risk of bone fractures.

A major factor that may have caused controversial find-
ings on water fluoridation and bone fracture is the difficulty
in locating study populations with definable fluoride expo-
sure. Average water consumption from an “optimally” flu-
oridated water supply (approximately 1 ppm) would result
in an adult exposure of approximately 1–4 mg of fluoride
daily, of which 60–70% would come from beverages.(32)

However, for the United States and other developed coun-
tries as well as many developing countries, the use of
fluoride in various delivery systems other than water fluo-
ridation, such as toothpaste, mouthrinse, supplements, etc.,
has become increasingly extensive since the 1970s.(12)

Thus, it is erroneous to use the community water fluoride
level as the sole indicator for long-term fluoride exposure.
The relatively high mobility of the population in the United
States further increases the difficulty in accurately estimat-
ing the history of individual fluoride exposure. Conse-
quently, a reliable and accurate estimation of long-term

TABLE 4. EFFECT OFFLUORIDE EXPOSURE FROMDRINKING WATER ON PREVALENCE OF HIP FRACTURES IN SIX CHINESE

POPULATIONS SINCE THE AGE OF 20 YEARS

Water F (ppm) n (surveyed) n (fracture) Prevalence (%) ORa p Valuea

0.25–0.34 1363 5 0.37 0.99 0.99
0.58–0.73 1407 6 0.43 1.12 0.85
1.00–1.06 1370 5 0.37 1.00 —
1.45–2.19 1574 14 0.89 2.13 0.15
2.62–3.56 1051 8 0.76 1.73 0.34
4.32–7.97 1501 18 1.20 3.26 0.02

a Values relative to the 1.00- to 1.06-ppm fluoride group, adjusted for age and BMI using multiple logistic regression.

FIG. 3. Prevalence of hip fractures and fluoride concentration in
drinking water in six Chinese populations since the age of 20 years.
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fluoride exposure in such populations has become extremely
difficult, if not impossible.

In contrast to the U.S. population, residents of rural China
rarely change residences, and most have been using the
same water supply throughout their life. Because of its
unique environmental and cultural conditions, such as vir-
tually no residential mobility and a relatively consistent
lifestyle, rural China has been considered a perfect “living
laboratory” for studying the relationship between various
factors and diseases.(33) The survey results of our study sites
and data from individual subjects show that fluoride expo-
sure in rural Chinese communities is still limited to water
and diet.

The potential association between fluoride exposure and
fractures derives from the incorporation of ingested fluoride
into the bone crystal. Fluoride can replace hydroxyl groups
in the hydroxyapatite crystal with uncertain effects on the
strength of such bone. Studies reported an increase in bone
density in populations with fluoridated water(34,35) and in
individuals receiving therapeutic fluoride doses for the treat-
ment of osteoporosis.(36,37) However, the decrease in frac-
ture risk that might be expected to accompany such an
increase in bone mass may not occur. Moreover, there may
be an increase in fracture risk at nonspine sites.(36) The
results of the present study indicate that long-term con-
sumption of water with excessive fluoride significantly in-
creases the risk of overall bone fractures as well as hip
fractures. However, the association between fluoride expo-

sure and the risk of fracture is not linear. The prevalence of
overall bone fractures is the lowest for populations living in
areas of approximately 1 ppm of fluoride (Table 2), indi-
cating that the fluoride concentrations used for cariostatic
purposes also may be beneficial in reducing the risk of
overall bone fractures. The data appear to suggest that there
may be a “beneficial window” of fluoride intake for bone
health, because an increased risk of overall bone fractures
was detected in both the populations with deficient and
excessive fluoride in drinking water. This finding is in
agreement with the results reported by a study in Germany,
which found that 1 ppm of fluoride in drinking water did not
influence peak bone density but may reduce the incidence of
osteoporotic hip fractures in older individuals.(38) A recent
study in osteoporosis patients also suggested that low fluo-
ride doses resulting in a moderate increase in bone mineral
density (BMD) may be advantageous in terms of fracture-
reducing potency.(39) Further investigations are warranted to
confirm our findings and to define the possible beneficial
window of fluoride exposure observed in the present study.

As compared with the results on overall bone fractures,
the data show a somewhat different pattern for hip fractures
in relation to the water fluoride levels. The U-shaped effect
of water fluoride levels observed in overall fractures (Fig. 2)
was not observed in the hip fracture data. Instead, the
prevalence of hip fractures was stable until the water con-
centration reached 1.45–2.19 ppm (Fig. 3). The OR was
2.13 for the population with 1.45–2.19 ppm in water com-

TABLE 5. EFFECT OFFLUORIDE EXPOSURE FROMDRINKING WATER ON PREVALENCE OF OVERALL FRACTURES IN SIX

CHINESE POPULATIONS SINCE THE AGE OF 50 YEARS

Water F (ppm) n (surveyed) n (fracture) Prevalence (%) ORa p Valuea

0.25–0.34 1363 59 4.33 1.33 0.16
0.58–0.73 1407 45 3.20 0.97 0.87
1.00–1.06 1370 45 3.28 1.00 —
1.45–2.19 1574 52 3.30 0.96 0.85
2.62–3.56 1051 38 3.62 1.04 0.87
4.32–7.97 1501 72 4.80 1.59 0.02

a Values relative to the 1.00- to 1.06-ppm fluoride group, adjusted for age using multiple logistic regression.

TABLE 6. BIVARIATE ASSOCIATION OFOVERALL BONE FRACTURE RISKS SINCE THE AGE OF

50 YEARS WITH CATEGORICAL FACTORS

Variable Category Subjects Fracture (%) p Value

Gender Male 3771 3.61
Female 4495 3.89 0.52

Cigarette smoking Yes 3100 3.29
No 5166 4.05 0.08

Alcohol consumption Yes 1960 3.98
No 6299 3.70 0.59

Physical activity Very little 652 5.21
Light 2532 3.71
Moderate 4157 3.58
Heavy 912 3.51
Extremely strenuous 11 18.18 0.03
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pared with the group of about 1 ppm (Table 4), although the
increased risk was not statistically significant. Different
ORs for fractures of different locations also were observed
by Feskanich et al.,(35) who found an OR of 0.8 for hip
fractures and 1.6 for forearm fractures in women with a
similar toenail fluoride level. However, it may not be ap-
propriate to conclude that the risk of hip fracture is more
sensitive to the water fluoride concentration as compared
with overall fractures, because the number of hip fractures
in the present study is relatively small. In addition, fractures
are influenced by a number of other factors, such as the age,
gender, alcohol consumption, and physical activity, as con-
firmed in the present study. However, our results on hip
fractures support previous findings that fluoride around 1
ppm in drinking water does not increase the risk of hip
fracture.(19–24,38)

It is important to recognize potential confounding factors
and the inherent limitations associated with ecological stud-
ies. The populations used in the present study had a defin-
able history of fluoride exposure, which minimizes the
potential error for the most important variable in the study.
However, the total number of people with fractures was still
relatively small, and it is impossible to sort out all potential
confounding factors individually. Attempts were made to
address this issue statistically by adjusting for factors re-
lated to fracture but it is not possible to measure or adjust
for all possible differences among the populations. It has
been estimated that appropriately designed cohort studies to
resolve the problem of bone fracture and water fluoride
concentration would require a sample size of more than
400,000 subjects.(40)

The bone fracture prevalence in this study was deter-
mined based on self-reported fractures, which would tend to
be traumatic fractures, and osteoporotic fractures may be
underreported. The low number of spinal fractures in this
study appears to support such an assumption. Although such
a possibility was recognized, it was determined not feasible
to have an X-ray examination of the spine (or whole body)
for each of the 8266 subjects. On the other hand, severe
accidents (such as those caused by motor vehicles) were
rare because all study participants were rural residents with
similar environment and lifestyles, and the risk for traumatic
fractures was comparable among the six study populations.
In addition, there do not appear to be any reasons to believe
that populations with high fluoride concentrations in water
would be more likely to report their fractures. Therefore, the
underreported spinal fractures, if any, should not signifi-
cantly affect the importance of the findings of this study.

Fluoride contents in blood plasma and urine were not
measured in this study. Although the analysis would be
helpful in evaluating fluoride metabolism, the lack of
plasma and urine fluoride data in this study would not
constitute concerns with possible environmental factors that
might influence fluoride absorption and excretion in the six
study populations. Our previous studies(41–43) on similar
populations indicate that blood plasma and urine fluoride
contents correlate well with water fluoride concentration in
populations that do not have other sources of significant
fluoride exposure (e.g., air pollution, fluoride-containing
toothpaste and mouthrinse, etc.). The data on fluoride ex-

posure showed that the six study populations did not have
other sources of fluoride exposure, other than fluoride in
drinking water (Fig. 1).

Fluoride is a bone-seeking element, and there has been
circumstantial evidence that fractures associated with fluo-
ride exposure may be related to bone fluoride content.(36–38)

This study was an epidemiological investigation and the
objective was to determine the prevalence of bone fractures
in Chinese populations residing in rural communities of
various fluoride concentrations in drinking water. It was
determined unfeasible to collect bone samples from the
Chinese elderly subjects for bone fluoride analysis; so that
bone fluoride content of the study populations was not
measured. Because the data have shown that the fluoride
exposure of the study populations is limited to drinking
water, the findings on the effect of long-term exposure to
fluoride in drinking water on the risk of bone fractures are
well founded. However, bone fluoride content would pro-
vide useful evidence in evaluating the risk of fractures
associated with water fluoridation, particularly in popula-
tions with uncertain history and source of fluoride exposure.
Future studies need to consider the inclusion of the bone
fluoride measurement, including feasible appropriate ap-
proaches for the sample collection.

Based on the data collected from this investigation, it is
concluded that long-term fluoride exposure from drinking
water containing 4.32 ppm or more increases the risk of
overall fracture as well as hip fracture. Water fluoride levels
of 1.00–1.06 ppm decrease the risk of overall fractures
relative to negligible fluoride in water; however, there does
not appear to be a similar protective benefit for the risk of
hip fractures. Because of the limitations of ecological stud-
ies, future research on the long-term effects of consuming
fluoridated drinking water on bone fractures needs to deter-
mine individuals’ bone fluoride, bone mass, and bone
strength in relation to bone fractures in populations with
defined fluoride exposure.

ACKNOWLEDGMENTS

This investigation was supported by a research grant from
the National Institute of Arthritis, Muscular and Skeletal
Diseases, National Institutes of Health (PHS 1 R01 AR-
42838).

REFERENCES

1. Banks RE, Goldwhile H 1966 Fluorine chemistry. In: Smith
FA (ed.) Handbook of Experimental Pharmacology, vol. 20,
Part 1. Springer-Verlag, New York, NY, USA, pp. 1–52.

2. Dean HT 1938 Endemic fluorosis and its relation to dental
caries. Public Health Rep53:1443–1452.

3. Striffler DF, Young WO, Burt BA 1983 The prevention and
control of dental caries: Fluoridation. In: Dentistry, Dental
Practice, and the Community, 3rd ed. WB Saunders, Philadel-
phia, PA, USA, pp. 155–200.

4. Dean HT, Arnold FA, Elvove E 1941 Domestic waters and
dental caries. II. Studies of 2832 white children aged 12–14
years, of 8 suburban Chicago communities, includingLacto-

938 LI ET AL.



bacillus acidophiluscounts of 1761 children. Public Health
Rep56:761–792.

5. Dean HT, Arnold FA, Elvove E 1941 Domestic water and
dental caries. V. Additional studies of the relation of fluoride
domestic waters to dental caries experience in 4425 white
children aged 12–14 years of 13 cities in 4 states. Public
Health Rep57:1155–1179.

6. McClure FJ 1944 Fluoride domestic water and systemic ef-
fects. I. Relation to bone fracture experience, height and
weight of high school boys and young selectees of the armed
forces of the United States. Public Health Rep59:1543–1558.

7. McClure FJ, Kinser CA 1944 Fluoride domestic waters and
systemic effect. II. Fluoride content of urine in relation to
fluoride in drinking waters. Public Health Rep59:1575–1591.

8. Galagan DJ, Vermillion JR, Nevitt GA, Stadt ZM, Dart RE 1957
Climate and fluoride intake. Public Health Rep72:484–490.

9. Galagan DJ, Vermillion JR 1957 Determining optimum fluo-
ride concentrations. Public Health Rep72:491–493.

10. USDHHS 1999 Healthy People 2000 Review 1998–1999—
national health promotion and disease prevention objectives.
DHHS Publication No (PHS) 99–1256.

11. World Health Organization 1986 Appropriate use of fluorides
for human health. WHO, Geneva, Switzerland, ISBN
924154203, pp. 38–73.

12. Li Y, Dunipace AJ, Stookey GK 1988 Genotoxic effects of
fluoride: A controversial issue. Mutation Res195:127–136.

13. Sowers MR, Clark MK, Jannausch ML, Wallace RB 1991 A
prospective study of bone mineral content and fracture in
communities with differential fluoride exposure. Am J Epide-
miol 133:649–660.

14. National Research Council 1993 Fluoride exposure and risk of
bone fractures, In: Health effects of ingested fluoride. National
Academy Press, Washington, DC, USA, ISBN 0–309–
04975–X, pp. 51–71.

15. Danielson C, Lyon JL, Egger M, Goodenough GK 1992 Hip
fracture and fluoridation in Utah’s elderly population. JAMA
268:746–748.

16. Jacobsen SJ, Goldberg J, Miles TP, Brody JA, Stiers W, Rimm
AE 1990 Regional variation in the incidence of hip fracture: US
white women aged 65 years and older. JAMA264:500–502.

17. Jacobsen SJ, Goldberg J, Cooper C, Lockwood SA 1992 The
association between water fluoridation and hip fracture among
white women and men aged 65 years and older: A national
ecologic study. Ann Epidemiol2:617–626.

18. Karagas MR, Baron JA, Barrett JA, Jacobsen SJ 1996 Patterns
of fracture among the United States elderly: Geographic and
fluoride effects. Ann Epidemiol6:209–216.

19. Madans J, Kleinman JC, Cornini-Huntley J 1983 The relation-
ship between hip fracture and water fluoridation: An analysis
of national data. Am J Pub Health73:296–298.

20. Arnala I, Alhava EM, Kivivuori R, Kauranen P 1986 Hip
fracture incidence not affected by fluoridation: Osteofluorosis
studies in Finland. Acta Orthop Scan57:344–348.

21. Avorn J, Niessen LC 1986 Relationship between long bone
fractures and water fluoridation. Gerodontics2:175–179.

22. Cooper C, Wickham C, Lacey RF, Barker DJ 1990 Water
fluoride concentration and fracture of the proximal femur. J
Epidemiol Comm Health44:17–19.

23. Simonen O, Laitinen O 1985 Does fluoridation of drinking water
prevent bone fragility and osteoporosis? Lancet2:432–33.

24. Jacobsen SJ, O’Fallon WM, Melton LJ 1993 Hip fracture
incidence before and after fluoridation of the public water
supply, Rochester, Minnesota. Am J Pub Health83:743–745.

25. Ando M, Tadano M, Asanuma S, Tamura K, Matsushima S,
Watanabe T, Kondo T, Sakurai S, Ji R, Liang C, Cao S 1998
Health effects of indoor fluoride pollution from coal burning in
China. Environ Health Perspect106:239–244.

26. National Standards 1995 Levels of labor intensity. Chinese
National Standard GB 3869–83, Beijing, China.

27. Taves DR 1968 Separation of fluoride by rapid diffusion using
hexamethyldisiloxane. Talanta15:969–974.

28. Dunipace AJ, Brizendine EJ, Zhang W, Wilson ME, Miller
LL, Katz BP, Warrick JM, Stookey GK 1995 Effect of aging
on animal response to chronic fluoride exposure. J Dent Res
74:358–368.

29. Standard Department of Chinese Academy of Preventive Med-
icine 1991 Standard compilation of environment, school and
radiation health. Chinese Standard Publishing House, Beijing,
China, pp. 278–338.

30. Cooper C, Campion G, Melton LJ 1992 Hip fractures in the
elderly: A worldwide projection. Osteop Int2:285–89.

31. Xu L, Lu A, Zhao X, Chen X, Cummings SR 1996 Vary low
rates of hip fracture in Beijing, People’s Republic of China.
Am J Epidemiol144:901–907.

32. Gordon SL, Corbin SB 1992 Summary of workshop on drink-
ing water fluoride influence on hip fracture on bone health.
Osteop Int2:109–117.

33. Moffat AS 1990 China, a living lab for epidemiology. Science
248:553–555.

34. Bernstein DS, Sadowsky N, Hegsted DM, Guri D, Stare FJ
1966 Prevalence of osteoporosis in high and low fluoride areas
in North Dakota. JAMA198:499–504.

35. Feskanich D, Owusu W, Hunter DJ, Willett W, Ascherio A,
Spiegelman D, Morris S, Spate VL, Colditz G 1998 Use of
toenail fluoride levels as an indicator for the risk of hip and
forearm fractures in women. Epidemiology9:412–416.

36. Riggs BL, Hodgson SF, O’Fallon WM, Chao EY, Wahner
HW, Muhs JM, Cedel SC, Melton LJ 1996 Effect of fluoride
treatment on the fracture rate in post-menopausal women with
osteoporosis. N Engl J Med322:802–809.

37. Riggs BL, Melton LJ, O’Fallon WM 1993 Toward optimal
therapy of established osteoporosis: Evidence that antiresorp-
tive and formation-stimulating regimens decrease vertebral
fracture rate by independent mechanisms. In: Christiansen C,
Riis B (eds.) Proceedings of the 4th International Symposium
on Osteoporosis. Aalborg ApS, Aalborg, Denmark, pp. 13–15.

38. Lehmann R, Wapniarz M, Hofmann B, Pieper B, Haubitz I,
Allolio B 1998 Drinking water fluoridation: Bone mineral
density and hip fracture incidence. Bone22:273–278.

39. Ringe JD, Kipshoven C, Coster A, Umbach R 1999 Therapy of
established postmenopausal osteoporosis with monofluoro-
phosphate plus calcium: Dose-related effects on bone density
and fracture rate. Osteoporos Int9:171–178.

40. Allolio B, Lehmann R 1999 Drinking water fluoridation and
bone. Exp Clin Endocrinol Diabetes107:12–20.

41. Li Y, Liang CK, Katz BP, Brizendine EJ, Stookey GK 1995
Long-term exposure to fluoride in drinking water and sister
chromatid exchange frequency in human lymphocytes. J Dent
Res74:1468–1474.

42. Sun SZ, Liang CK, Ji RD, Cao JQ, Yang SM, Pang XH, Lin
YQ, Gao YZ, Cheng Z, Wang JZ, Zhang SL, Wang WY, Li Y,
Katz BP, Brizendine EJ, Stookey GK 1996 Study on the
relationship between endemic fluorosis and dietary nutritional
level. J Hygiene Res25:275–281.

43. Liang CK, Li Y, Li WH, Zhang SL, Wu YP, Ma F, Katz BP,
Brizendine EJ, Stookey GK 1999 Analyses of blood chemistry
and electrolytes of human exposure to fluoride in drinking
water. J Chinese Public Health15:34–36.

Address reprint requests to:
Yiming Li

Loma Linda University School of Dentistry
11092 Anderson Street

Loma Linda, CA 92350, USA

Received in original form January 19, 2000; in revised form
November 15, 2000; accepted December 27, 2000.

939FLUORIDE IN WATER AND BONE FRACTURES


