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Abstract 

' 

Objectives: Dental fluorosis prevalence has increased in the United States, 
Canada, and other nations due to the widespread availability of fluoride in many 
forms, with fluoride ingestion during the first three years of life appearing most 
critical in fluorosis etiology. With few contemporary studies of fluoride ingestion 
in this age group, the purpose of this paper is to describe patterns of estimated 
fluoride ingestion from birth to 36 months of age from water, dentifrice, and dietary 
fluoride supplements and combined. Methods: Repeated responses to separate 
series of questions about water intake, use of fluoride dentifrice, and use of 
fluoride supplements were collected by questionnaire as part of the longitudinal 
Iowa Fluoride Study and used to estimate fluoride intake. Estimated intake is 
reported by source and combined at different ages. Effects of subject age and 
other covariates on fluoride intake were assessed using regression methods 
appropriate for the analysis of correlated data. Results: For most children, water 
fluoride intake was the predominant source, especially through age 12 months. 
Combined daily fluoride intake increased through 9 months, was lower at 12 and 
16 months, and increased again thereafter. Mean intake per unit body weight (bw) 
was about 0.075 mg F/kg bw through 3 months of age, 0.06 mg F/kg bw at 6 and 
9 months, 0.035 mg F/kg bw at 12 and 16 months, and 0.043 mg F/kg bw from 
20-36 months. Depending on the threshold chosen (e.g., 0.05 or 0.07 mg F/kg 
bw), variable percentages of the children exceeded the levels, with percentages 
greatest during the first 9 months. Regression analyses showed fluoride intake 
(mg F/kg bw) from 1.5-9 months to decrease with increasing child's age, mother's 
age, and mother's education, with a complex three-way interaction among these 
factors. From 12-20 months, fluoride intake increased with increasing child age 
and decreased with increasing mother's age. No statistically significant relation- 
ships were found for fluoride intake from 24-36 months. Conclusions: There is 
considerable variation in fluoride intake across ages and among individuals. 
Longitudinal studies may be necessary to fully understand the relationships 
between fluoride ingestion over time and development of fluorosis. [J Public 
Health Dent 2001;61(2):70-771 
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The levels of fluoride exposures 
early in life are important not only in 
relation to caries prevention, but also 
in the development of dental fluorosis. 
In particular, fluoride ingestion dur- 
ing the first three years of life appears 
to be most critical in fluorosis etiology 
(1-3). Unfortunately, there have been 
relatively few contemporary studies 
of fluoride ingestion in this age group, 
so that our understanding of fluorosis 
development is limited. 

Previous studies of fluoride inges- 
tion have been mostly cross-sectional 
and focused on single sources of in- 
take such as foods and beverages, den- 
tifrice, or dietary fluoride supple- 
ments. The earliest studies of fluoride 
intake were diet surveys showing that 
although absolute fluoride intake 
tended to increase with age, when ex- 
pressed on a per body weight basis, 
intake peaked during the first few 
months of life (4-6). These early diet 

studies suggested a so-called "opti- 
mal" range of fluoride intake of 
0.05-0.07 mg F per kilogram body 
weight, which has become the main 
reference range when discussing fluo- 
ride intake. Subsequent studies using 
several different methods found that 
dietary fluoride intake generally was 
higher in fluoridated areas (7-11), but 
that dietary fluoride intake varied con- 
siderably. Some studies reported 
mean fluoride intakes at or above "op- 
timal" intakes, but other means fell far 
below this range (5-11). 

Studies of fluoride ingestion from 
dentifrice have found that younger 
children generally ingest a higher pro- 
portion of dentifrice than do older chil- 
dren, often ingesting over half of the 
dentifrice used per brushing (10-15). 
Several studies have found that denti- 
frice use and ingestion varies consid- 
erably among children, with some 
children ingesting more than 1 gram 
of dentifrice (1 mg fluoride) per brush- 
ing (lOJ6). 

Dietary fluoride supplements are an 
important source of fluoride ingestion 
for those children receiving them and 
ithasbeenestimated thatintheunited 
States about 15-16 percent of children 
aged 4 years or younger use supple- 
ments (17). Although compliance with 
dietary fluoride supplement regimens 
is often poor and the actual amount 
ingested on a daily basis i s  far less than 
the prescribed dosage (18), some chil- 
dren can have fluoride ingestion from 
dietary supplements alone that ex- 
ceeds the so-called "optimal" range. 

Although studies of fluoride inges- 
tion from individual sources provide 
some useful data, it is obviously much 
more important to the understanding 
of fluorosis etiology to characterize to- 
tal fluoride intake. Unfortunately, be- 
cause of the complexity of assessing 
fluoride intake due to the multiplicity 
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of fluoride sources, only a few studies 
have attempted to estimate total fluo- 
ride intake by simultaneously assess- 
ing intakes from major sources, in- 
cluding foods, beverages, dentifrice, 
and supplements. 

In New Zealand, Guha-Chowdhury 
et al. (10) estimated fluoride intake 
from diet, dentifrice, and supplements 
among 12-month-old children. They 
found fluoride intake to be lower in 
nonfluoridated areas, and that in both 
nonfluoridated and fluoridated areas 
fluoride intake was fairly low, with 
mean values of 0.020 mg/kg and 0.033 
mg/kg, respectively. However, some 
individuals in fluoridated areas had 
intakes above 0.10 mg/kg body 
weight. In a similar study of 34-year- 
olds (lo), Guha-Chowdhury et al. 
again found lower fluoride intake 
among those in nonfluoridated areas, 
withmeanintakes of 0.027mg/kg and 
0.036 mg/kg in nonfluoridated and 
fluoridated communities, respec- 
tively. A study of fluoride intake from 
foods, beverages, and dentifrice by 
young children from Indiana and 
Puerto Rico (11) estimated much 
higher intakes than in New Zealand, 
with means in each community ex- 
ceeding 0.05 mg/kg body weight. In 
both Indiana communities, roughly 
half the children exceeded the upper 
limit of ”optimal” fluoride intake, 0.07 
mg/kg body weight. 

Although these latter studies char- 
acterize fluoride exposures in early 
childhood more comprehensively 
than did previous studies, they are 
nonetheless limited by their cross-sec- 
tional design. Since fluorosis may be 
related to a cumulative, longitudinal 
effect of ingested fluoride, such de- 
signs are not as desirable for under- 
standing fluorosis etiology. The pur- 
pose of the present study is to describe 
patterns of estimated fluoride inges- 
tion from birth to 36 months of age 
from water, dentifrice, and dietary 
fluoride supplements, and combined, 
as well as demographic factors associ- 
ated with the patterns of intake. 

Methods 
Data for t h ~  study were collected as 

part of the Iowa Fluoride Study, a lon- 
gitudinal investigation of fluoride in- 
take among a birth cohort recruited 
from eight Iowa hospitals from March 
1992 through February 1995 (18-20). 
While the mothers and newborns 
were in the hospital postpartum and 

after informed consent was obtained, 
mothers provided information at 
baseline about their age, education, 
family income, and number of chil- 
dren in the household and were in- 
formed about the protocol to be fol- 
lowed thereafter. Questionnaires then 
were sent to the mothers when the 
children were aged 6 weeks, and at 
ages 3,6,9,12,16,20,24,28,32, and 36 
months. Nonrespondents were sent 
follow-up mailings after three weeks 
and, when necessary, again after six 
weeks. Thus, the response times var- 
ied from a few days to several weeks 
or more after the initial mailing. 

Questionnaires included detailed 
questions concerning the previous 
time period assessing water sources 
and ingestion of water by itself and 
mixed with other beverages and foods 
(21), patterns of use of dietary fluoride 
supplements (18), and toothbrushing 
patterns and use of fluoride dentifrice 
(19). Using these series of questions, 
separate estimates were calculated for 
daily fluoride intake from water, sup- 
plements (18), and dentifrice (19) in 
mg. Specifically, a modified food fre- 
quency questionnaire was used to as- 
sess daily number of servings and 
ounces of water by itself; water for 
beverages prepared from frozen or 
powder concentrates; water mixed 
with concentrated soups, Jello, etc.; 
and water from preparing rice and 
pasta (21). For individual (well) water 
sources or when filtration was in use, 
fluoride levels were determined by in- 
dividual fluoride assay with fluoride- 
ion specific electrode (22). This was 
done initialry, whenever sources or fil- 
tration changed, and annually. For 
those on public water systems without 
filtration, assay results available from 
the Iowa State Health Department 
were used. 

The quantity of water ingested was 
multiplied by the home water fluoride 
level to get an estimate of fluoride in- 
take from water. For dietary fluoride 
supplements, questions assessing use 
overall, number of weeks of use, 
number of days per week, product, 
and fluoride dosage were used to esti- 
mate average daily fluoride intake 
from supplements (18). Similarly, 
questions about frequency of brush- 
ing, dentifrice brands, quantity of den- 
tifrice used (selecting from a series of 
pictures of toothbrushes with different 
quantities of dentifrice), and propor- 
tion of dentifrice ingested, as deter- 

mined by parental report, were used 
to estimate the dentifrice (19). Then a 
combined estimate of fluoride intake 
from these three sources was made in 
mg F/day. Parental reports of the chil- 
dren’s body weights were used to cal- 
culate estimated daily fluoride intake 
in mg per kg body weight (mg F/kg 
bw) for each response. 

It was not feasible to validate paren- 
tal responses, but some reliability as- 
sessments were conducted for ap- 
proximately 225 questionnaires 7-10 
days after the initial questionnaires 
were completed. Percentage agree- 
ment for questions concerning water 
filtration status were about 96-97 per- 
cent (kappa 0.87-0.99), concerning 
water consumption was 94 percent 
(kappa=0.75), concerning use of die- 
tary fluoride supplements was 99.6 
percent (kappa=0.97), concerning 
toothbrushing frequency was 81 per- 
cent (kappa=0.77), and Concerning use 
of dentifrice was 93.1 percent 
(kappa=0.74). 

Two types of analyses of the fluo- 
ride data were conducted. To first pro- 
vide descriptive tabulations and plots 
of the results, the assessment times 
were treated as discrete categories. 
The second type of analysis focused on 
the development of models assessing 
the effects of subject age and other 
covariates on fluoride intake. In these 
analyses, the actual assessment times 
(ages in days) were used. 

In the descriptive summaries of the 
fluoride intake data, each response 
was categorized discretely as occur- 
ring at the closest of 1.5,3,6,9,12,16, 
20,24,28,32, or 36 months. In this way, 
every observation is considered to 
have occurred at one and only one of 
the scheduled measurement times. 
This categorization occasionally re- 
sulted in a subject having multiple re- 
sponses at a given assessment time. To 
obtain a single measurement per time 
point, the observation closest to the 
scheduled measurement time was 
used, except if the observation closest 
to the scheduled measurement time 
had more incomplete data (missing 
values) than the other observation(s) 
from that time period, then the obser- 
vation with the fewest missing compo- 
nents was used. Using the categorized 
data set, summary statistics (mean, 
standard deviation, selected percen- 
tiles) were computed at each time 
point. This was completed using all 
available data at each assessment time. 
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In developing models related to the 
total fluoride intake, all assessments 
from each subject were used (not just 
one unique assessment per scheduled 
measurement time). Since there are 
multiple, correlated measurements 
per subject, the Generalized Estimat- 
ing Equations (GEE) regression meth- 
odology for correlated data (23) was 
used to model the effects of subject age 
and other covariates on total fluoride 
intake. Since total fluoride intake is 
essentially continuous, the identity 
link function was used. Since subject 
age was a time-dependent covariate, 
the independence working correlation 
model was used (24). This was also an 
appropriate choice given both the un- 
equal number and unbalanced spac- 
ing of observations. The estimated re- 
gression parameters and their robust 
standard errors were computed using 
the repeated measures capabilities of 
the SAS GENMOD procedure (25). 

Due to age-related patterns of fluo- 
ride intake, three prespecified age 
ranges were separately modeled: 
0-10.5 months, 10.5-22 months, and 
22-38 months. For each of these three 
models, the following covariates were 
considered: subject age; subject sex 
(l=male, O=female); mother’s race 
(l=white, O=nonwhite); mother’s age 
(1=30+ years, O=younger than 30 
years); mother’s educational level 
(two indicator variables); first child 
(l=yes, O=no); number of children liv- 
ing in the household (two indicator 
variables); and baseline household in- 
come level (<$30,000 per year vs 
$30,000+ per year). Since approxi- 
mately one-third of the mothers had a 
four-year college degree, and more 
than half of the remainder had a high- 
school degree, two indicator variables 
for mother’s educational level were 
used: HSGRAD=l if mother had a 
high school degree, but not a four-year 
college degree, and 0 otherwise; and 
COLLGRAD=l if mother had a four- 
year college degree, and 0 otherwise. 
For number of children, NKIDS2=1 if 
there were two children living at 
home, and 0 otherwise; and 
NKIDS3=1 if there were three or more 
children living at home, and 0 other- 
wise. Additional covariates related to 
the father’s age and education were 
considered. However, due to the sub- 
stantial numbers of missing values for 
these variables, these were not used. In 
the model-building process, observa- 
tions were excluded when the values 

of one or more covariates included in 
the particular model were missing. 

For each of the three age ranges, the 
steps used in the modehg  process 
were as follows: 

1. An initial model including all co- 
variates was fit. Age was treated as a 
discrete variable and the age effect was 
parametrized using orthogonal poly- 
nomial coefficients. Based on the re- 
sults of Wald tests of the nonlinear 
components of the age effect, the low- 
est-order polynomial that provided an 
adequate fi t  to the data was deter- 
mined. 

2. A model including all covariates 
was fit, but now age was treated as a 
continuous variable using the appro- 
pria te number of polynomial terms 
based on the results of step 1. The joint 
significance of multiple degree of free- 
dom (df) effects were tested using 
Wald tests. 

3. The least significant terms were 
sequentially eliminated from the pre- 

vious model and the tests of the joint 
significance of multiple df effects re- 
peated. This process was repeated to 
develop a parsimonious final model. 

4. Steps 2 and 3 were repeated in- 
dependently, this time treating age as 
a discrete variable, but still using the 
lowest-order polynomial that pro- 
vided an adequate fit to the data. Any 
differences in process or outcome be- 
tween the two methods were noted. 

5. Based on the final model identi- 
fied in step 3, the existence of interac- 
tions between age and each of the co- 
variates included in the final model 
was investigated. If there was evi- 
dence of interaction, the final model 
was revised to include appropriate in- 
teraction terms. 

Although this procedure did not 
guarantee that the “best“ model was 
found, it provided an objective ap- 
proach to addressing the questions of 
interest. 

TABLE 1 
Characteristics of the Sample (at Baseline) 

Variable Category Percent 

Sex 

Mother’s age 

Father’s age 

Mother’s education 

Father’s education 

Family income 

Race 

First child 

Plans to breastfeed 

Male 
Female 
<20 years 
20-24 years 
25-29 years 
30-34 years 
235 years 
<20 years 
20-24 years 
25-29 years 
30-34 years 
235 years 
Up to high school 
Some college 
College graduate or more 
Up to high school 
Some college 
College graduate or more 
<$20,000 
$20,000-$39,999 
2$40,000 
White 
Other 
Yes 
No 
Yes 
No 

49.7 
50.3 
7.5 

20.6 
31 .O 
27.1 
13.8 

1.2 
12.0 
29.9 
32.1 
24.9 
30.5 
32.3 
37.2 
34.6 
27.8 
37.7 
23.8 
35.7 
40.5 
95.1 
4.9 

44.3 
55.7 
64.5 
35.5 
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FIGURE 1 
Percentage Ingesting Fluoride from Water, Supplements, and Dentifrice by Age 

(Assuming Discrete Time Points) 
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FIGURE 2 
Estimated Mean and Median Fluoride Intake from Dentifrice, Supplements, and 

Water per Unit Body Weight (mg F/kg bw) 
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Results 
Table 1 shows the demographic 

characteristics for the 1,387 subjects at 
baseline. Subjects were of relatively 
high socioeconomic status, with most 
mothers (79%) aged 20 to 34 years and 
most fathers (87%) aged 25 years or 
older. About two-thirds of both moth- 
ers and fathers had some college edu- 
cation, and more than three-quarters 
had family incomes of $20,000 or 
greater. 

Home water fluoride levels varied 

for some individuals with changes in 
water sources and filtration, but were 
generally consistent. At the varying 
ages, about 18-22 percent were <0.3 
ppm F, 7-12 percent were 0.30-0.60 
ppm, 33-41 percent were 0.61-1.00 
ppm, 27-32 percent were 1.01-1.50 
ppm, 2-3 percent were 1.51-2.00 ppm, 
and 1 percent were above 2.00 ppm. 

Figure 1 shows the percentages of 
subjects grouped at each discrete age 
who reportedly ingested some fluo- 
ride from each of water, supplements, 

and dentifrice. The majority received 
some water fluoride at all ages, in- 
creasing to 295 percent by 9 months. 
About 11-15 percent used dietary 
fluoride supplements through 12 
months, deching thereafter to 5 per- 
cent at 36 months. Fluoride dentifrice 
ingestion occurred for 1 percent and 9 
percent at 6 months and 9 months, 
respectively, increasing to 29 percent 
and 60 percent at 12 and 16 months, 
and to 93 percent by 28 months. Sev- 
enty-three percent received fluoride 
from at least one of the three sources 
at 6 weeks, with 296 percent from 9 
months on. 

Table 2 summarizes the discrete fre- 
quency distributions of estimated 
fluoride intake from water, supple- 
ments, dentifrice, and combined in mg 
per day. Estimated mean daily fluo- 
ride intake from dentifrice was less 
than or equal to 0.10 mg through 16 
months and 0.19 to 0.29 mg from 20-36 
months. However, the 90thpercentiles 
were 0.50 or greater for 220 months 
and the maximum values exceeded 1.0 
mg for 26 months. Because small per- 
centages used dietary fluoride supple- 
ments, mean intake was consistently 
low; however, the maximum intakes 
were generally close to 1.0 mg. Daily 
mean water fluoride intake was about 
0.35-0.48 mg through 9 months, and 
about 0.26-0.34 mg thereafter. Nine- 
tieth percentiles were approximately 
1.0 mg through 9 months and 
0.56-0.74 mg thereafter. Maximum 
values were 6-8 mg through 12 
months, due to consumption of a liter 
or more of high fluoride (5-6 ppm) 
well water. Combined fluoride intake 
averaged 0.37-0.45 mg through 3 
months, about 0.50 mg at 6 and 9 
months, 0.36 mg at 12 and 16 months, 
and 0.50-0.63 mg thereafter. Ninetieth 
percentiles approached or exceeded 
1.0 mg, while maximum values were 
6-8 mg through 12 months (from the 
water, as above) and 1.9-3.8 mg there- 
after. The distributions were skewed, 
with means consistently greater than 
the medians and substantial variation 
shown by the large standard devia- 
tions relative to the means. For fluo- 
ride from water, from dentifrice, and 
the three sources combined, the 90th 
percentiles were substantially larger 
than the means and medians. 

The discrete frequency distribution 
of estimated fluoride intake from 
water, supplements, dentifrice, and 
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TABLE 2 
Distributions of Estimated Fluoride Intake from Water, Supplements, Dentifrice, and Combined, by Age (m@ 

Weight (kg) Fluoride (mg) Percentiles of Fluoride Intake 

Mean(SD) Mean(SD) Min 10th 25th 50th 75th 90th Max 
Age 
(mos.) N 

1__1_------ 

.Daltifria 1.5 
3.0 
6.0 
9.0 
12.0 
16.0 
20.0 
24.0 
28.0 
32.0 
36.0 

supplements 1.5 
3.0 
6.0 
9.0 
12.0 
16.0 
20.0 
24.0 
28.0 
32.0 
36.0 

W8kt 1 .S 
3.0 
6.0 
9.0 
120 
16.0 
20.0 
24.0 
28.0 
32.0 
36.0 

combined 1.5 
3.0 
6.0 
9.0 
12.0 
16.0 
20.0 
24.0 
28.0 
32.0 
36.0 

1,070 
1202 
1p32 
916 
m 
700 
8 7  
627 
588 
597 
523 
1,059 
1,193 
1,023 
922 
794 
729 
655 
646 
616 
612 
536 

1,088 
1,178 
1,019 
918 
719 
n4 
643 
630 
582 
609 
532 

1,038 
1,169 
LOO0 
899 
755 
674 
615 
603 
552 
582 
506 

4-90 (0.87) 
626 (1.02) 
7.% (1.09) 
9.16 (1.23) 
10.10 (1.26) 
11.03 (1.42) 
11.93 (1.52) 
12.69 (1.61) 
13.51 (1.77) 
14.23 (1.95) 
14.95 (201) 
4.90 (0.88) 
6.26 (1.02) 
7.96 (1.09) 
9.17 (1.22) 
10.10 (1.27) 
11.03 (1.41) 
11.91 (1.50) 
12.68 (1.61) 
13.49 (1.80) 
14.21 (1.95) 
14.94 (2.02) 
4.90 (087) 
6.27 (1.02) 
7.95 (1.09) 
9.16 (1.22) 
10.09 (1.27) 
11.03 (1.42) 
11.93 (1.49) 
12.67 (1.60) 
13.49 (1.79) 
14.21 (1.95) 
14.% (2.02) 
4.90 (0.87) 
6.27 (1.02) 
7.96 (1.09) 
9.16 (1.23) 
10.10 (1.27) 
11.04 (1.42) 
11.94 (1.50) 
12.66 (1.58) 
13.51 (1.78) 
14.22 (1.95) 
14.95 (2.02) 

0.m (O.Oo0) 
o.Oo0 (O.Oo0) 
0.002 (0.611) 
0.013 (0.081) 
0.038 (0.136) 
0.102 (0.207) 
0.191 (0.270) 
0.257 (0.312) 
0.267 (0.305) 
0.290 (0.315) 
0.278 (0.292) 
0.014 (0.045) 
0.018 (0.060) 
0.019 (0.063) 
0.014 (0.052) 
0.015 (0.054) 
0.011 (0.054) 
0.008 (0.038) 
0.008 (0.052) 
0.012 (0.068) 
0.013 (0.079) 
0.013 (0.079) 
0.351 (0.492) 
0.429 (0525) 
0.469 (0.481) 
0.476 (0.471) 
0.307 (0372) 
0.W (0.229) 
0.305 (0.254) 
0.289 (0.264) 
0.298 (0.273) 
0.314 (0.2%) 
0.341 (0.299) 
0.365 (0.490) 
0.448 (0.520) 
0.493 (0.483) 
0.505 (0.478) 
0.360 (0.396) 
0.367 (0.311) 
0.504 (0.356) 
0.547 (0.414) 
0.580 (0.429) 
0.622 (0.428) 
0.634 (0.425) 

O.OO0 
O.oo0 
O.oo0 
O.Oo0 
O.Oo0 
O.OO0 
O.Oo0 
O.OO0 
O.OO0 
O.Oo0 
O.OO0 
O.OO0 
O.OO0 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
O.OO0 
O.OO0 
O.Oo0 
O.OO0 
O.OO0 
O.OO0 
0.000 
O.OO0 
O.OO0 
O.Oo0 
O.Oo0 
O.OO0 
O.Oo0 
O.OO0 
O.OO0 
0.000 
O.OO0 
O.OO0 
O.Oo0 
0.005 
0.004 
0.016 
0.000 
0.009 

O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.OO0 
O.Oo0 
O.OO0 
O.Oo0 
0.010 
0.021 
0.018 
O.OO0 
0.000 
0.000 
O.OO0 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
O.OO0 
O.OO0 
O.OO0 
0.023 
0.019 
0.025 
0.036 
0.035 
0.035 
0.032 
0.047 
O.OO0 
0.000 
0.004 
0.032 
0.033 
0.059 
0.135 
0.139 
0.165 
0.198 
0.195 

O.OO0 
O.Oo0 
O.Oo0 
O.Oo0 
O.Oo0 
O.Oo0 
0.010 
0.041 
0.063 
0.063 
0.063 
0.000 
0.000 
O.OO0 
0.000 
O.OO0 
0.000 
0.000 
O.OO0 
0.000 
0.000 
O.OO0 
O.OO0 
O.OO0 
0.064 
0.101 
0.065 
0.084 
0.102 
0.102 
0.101 
0.099 
0.127 
O.OO0 
0.033 
0.098 
0.139 
0.107 
0.142 
0.249 
0.264 
0.293 
0.31 1 
0.327 

O.OO0 
OIOOO 
O.OO0 
O.OO0 
O.Oo0 
0.018 
0.109 
0.125 
0.125 
0219 
0.188 
0.000 
0.000 
O.OO0 
O.OO0 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
O.Oo0 
0.133 
0.264 
0374 
0.391 
0.207 
0.202 
0.249 
0.222 
0.232 
0.253 
0.266 
0.190 
0.304 
0.399 
0.414 
0.259 
0.293 
0.434 
0.441 
0.495 
0.529 
0.539 

O.Oo0 
O.Oo0 
O.OO0 
O.Oo0 
0.010 
0.109 
0.250 
0375 
0375 
0.838 
0.438 
0.000 
0.000 
0.000 
O.OO0 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.586 
0.740 
0.784 
0.777 
0.434 
0.358 
0.450 
0.394 
0.421 
0.442 
0.461 
0.592 
0.746 
0.803 
0.791 
0.503 
0.495 
0.667 
0.722 
0.770 
0.820 
0.826 

O.OO0 
0.000 
0.m 
O.OO0 
0.109 
0.250 
0500 
0.6% 
0.750 
0.750 
0.750 
0.042 
0.042 
0.053 
0.024 
0.013 
0.000 
0.000 
0.000 
O.OO0 
0.000 
0.000 
0.947 
1-06 
1 .a1 
1.021 
0.740 
0.556 
0.618 
0.594 
0.616 
0.642 
0.712 
0.959 
1.065 
1.074 
1 .041 
0.790 
0.775 
0.950 
1.132 
1.085 
1.180 
1.163 

0.00 
0m)0 
1313 
1313 
1.750 
1.531 
1.750 
1.750 
2.250 
2.625 
1.688 
0.375 
0.833 
1 .OO0 
0.500 
0.500 
1 .om 
0.250 
1 .OO0 
1 .OOo 
1 .Oo0 
1 .OO0 
6.408 
6.656 
7562 
7.904 
5.989 
1.769 
1.657 
2.109 
2.198 
2.912 
1.724 
6.408 
6.656 
7.562 
7.904 
5.989 
1.894 
2.157 
2.880 
3.763 
3.287 
2.976 

combined intake per body weight ex- 
pressed in mg F/kg bw per day also 
was positively skewed and with sub- 
stantialvariationinresults.Meansand 
standard deviations of body weights 

(kg) are shown in Table 2 to allow 
interested readers to conduct their 
own general calculations of ranges of 
fluoride intake per kg bw, because a 
full tableisnot shown. Estimated daily 

mean intake from dentifrice was0.001, 
0.004, and 0.009 mg F/kg bw at 9,12, 
and 16 months, respectively, and then 
0.016-0.021 mg F/kg bw from 20-36 
months. Ninetieth percentiles for 
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20-36 months were 0.042-0.054 mg 
F/kg bw, and maximums exceeded 
0.120 mg F/kg bw from 6 months on. 
Mean daily supplement fluoride in- 
take was consistently low (0.001-0.003 
mg F/kg bw), although maximums 
were 0.13-0.15 mg F/kg bw through 6 
months. Mean estimated daily water 
fluoride intake declined from 
0.070-0.074 mg F/kg bw at 1.5-3 
months to 0.060 and 0.053 at 6-9 
months, to 0.02-0.03 mg F/kg bw from 
12-36 months. Ninetieth percentdes 
were 0.115-0.197 up to 9 months, 0.075 
at 12 months, and 0.045-0.053 thereaf- 
ter. Maximum levels exceeded 0.90 mg 

F/kg bw through 9 months, were 
about 0.64 mg F/kg bw at 12 months, 
and were 0.11-0.20 mg F/kg bw at all 
ages thereafter. 

Estimated daily combined fluoride 
intake closely paralleled water fluo- 
ride intake through 12 months, and 
thereafter was substantially greater 
than water fluoride intake. Estimated 
combined means declined from 
0.073-0.077 mg F/kg bw at 1.5-3 
months to 0.036-0.043 mg F/kg bw 
from 12-36 months. Ninetieth percen- 
tiles were 0.119-0.197 mg F/kg bw to 
9 months and 0.068-0.084 thereafter, 
with maximums about 0.200-1.794 mg 

TABLE 3 
Percentages of Subjects with Estimated Combined Fluoride Intake Exceeding 

Designated Intake Levels (mg F/kg bw) 

Age 
(Months) 

Fluoride Intake Level (mg F/kg bw) 

0.03 0.04 

1.5 
3.0 
6.0 
9.0 
12.0 
16.0 
20.0 
24.0 
28.0 
32.0 
36.0 

53.6 
58.1 
61.6 
60.6 
43.3 
43.6 
61.1 
56.5 
59.0 
60.3 
60.9 

49.6 
53.8 
55.3 
54.7 
32.7 
30.6 
43.1 
41.5 
44.8 
47.1 
45.3 

0.05 0.06 

46.6 44.3 
50.7 47.6 
50.4 44.9 
48.2 41.6 
24.8 18.8 
19.7 13.6 
30.8 22.7 
31.5 22.8 
29.9 22.1 
33.2 24.3 
30.9 22.6 

0.07 

41.7 
43.4 
40.6 
36.3 
14.4 
9.5 
15.3 
16.2 
16.4 
16.9 
14.8 

TABLE 4 
Results of Regression Analyses of Factors Associated with Fluoride Intake 

(mg Fkg bw) 

Regression Parameter 

Factor Estimate SE P-value 

1.5-9 months 0.1274 0.0086 <.0001 
Intercept 
Subject’s age (months) -0.0025 0.0004 <.0001 
Mother aged 230 years (l=yes; O=no) -0.0180 0.0037 <.0001 
Mother a high school graduate (l=yes; O=no) -0.0210 0.0070 .0025 
Mother a college graduate (l=yes; O=no) -0.0413 0.0066 <.0001 

Intercept 0.0363 0.0016 <.0001 
Subject’s age (months) 0.0005 0.0002 .0293 
Subject’s age2 (months2) 0.0004 0.0001 <.0001 

12-20 months 

Mother aged 230 years (l=yes; O=no) -0.0072 0.0018 .0001 

- 

No sigruficant variables were found for 24-36 months. 

F/kg bw. Figure 2 shows the patterns 
by age for the means, medians, and 
75th and 90th percentiles of estimated 
fluoride intake per kg body weight 
from the three sources combined. 
Mean and median fluoride intake per 
kg body weight was greatest through 
6 months, lowest at 12 and 16 months, 
and then slightly higher and quite 
steady thereafter. Seventy-fifth and 
90th percentiles were greatest initially, 
declined through 16 months, and were 
then slightly higher and steady from 
20-36 months. 

Table 3 shows the percentages of 
combined fluoride intake estimates 
that exceeded thresholds of 0.03,0.04, 
0.05,0.06,andO.O7mgF/kgbwbyage. 
At the lower thresholds of 0.03 and 
0.04, relatively consistent percentages 
of subjects exceeded the thresholds 
across all age groups. For example, the 
percentages exceeding 0.03 varied 
from 43 percent to 62 percent, with 
most between 57 percent and 62 per- 
cent. For higher thresholds, children 
were substantially more likely to ex- 
ceed the threshold at ages 1.5-9 
months than they were at ages 12-36 
months. In general, a consistent pro- 
portion of children exceeded each 
threshold up to 9 months of age, and 
again at 20-36 months. At 12 and 16 
months, however, there were lower 
percentages exceeding the various 
thresholds. 

Figure 3 shows graphically the com- 
bined fluoride intake data at the indi- 
vidual level, using the actual ages at 
time of response. Substantial group 
variation i s  evident at each age. Fur- 
thermore, the lines show individual 
fluctuations over time by connecting 
results at the different ages for 10 ran- 
domly selected individuals. Individ- 
ual fluctuations were generally 
greater over the first 12-16 months, 
with less variation thereafter. 

The Generalized Estimating Equa- 
tions (GEE) regression analyses of fac- 
tors associated with fluoride intake 
from 1.5 to 9 months in mg F/kg bw 
showed (Table 4) that estimated com- 
bined fluoride intake was significantly 
associated with subject’s age (P<.OOl, 
decrease of 0.0025 mg F/kg bw per 
month), mother’s age (P<.OOl, de- 
crease of 0.018 mg F/kg bw if the 
mother was aged 30 years or older), 
and mother’s education (P<.OOl, de- 
crease of 0.021 mg F/kg bw for those 
with some college and a decrease of 
0.041 mg F/kg bw for college gradu- 
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ates). Since there was evidence of a 
statistically significant three-way in- 
teraction among child’s age, mother’s 
age, and mother’s educational level, 
this was investigated further by fitting 
a model with separate linear effects of 
child’s age for each of the six sub- 
groups defined by the cross-classifica- 
tion of mother‘s age and educational 
level. The direction of the effect of age 
was negative for five of the six sub- 
groups, consistent with the main ef- 
fects model displayed in Table 4. (Only 
for mothers aged 30 years or older 
with a college degree was the esti- 
mated effect of age positive.) 

Estimated fluoride intake (mg per 
kg bw) from 12-20 months (Table 4) 
was related significantly to child‘s age 
(both linear and quadratic effects-co- 
efficients of 0.0005 and 0.0004 mg F/kg 
bw per month, respectively) and 
mother’s age (age 30 years or older 
was associated with decrease of 0.0072 
mg F/kg bw). There were no other 
significant main effects and no signifi- 
cant interactions. For estimated fluo- 
ride intake per unit body weight from 
24-36 months, there were no statisti- 
cally sigruficant effects of any covari- 
ates, including subjects’ age. 

GEE analyses with combined fluo- 
ride intake in mg (not mg F/kg bw) 
also were conducted, and results es- 
sentially were the same, with the addi- 
tion of child’s age being sigxuficant in 
the models for all age intervals (1.59 
months, 12-20 months, and 24-36 
months). 

Discussion 
The GEE methodology is useful in 

carrying out regression analyses of 
correlated data. It is particularly useful 
in this setting, where there are variable 
numbers of measurements per indi- 
vidual (due to missing data), and the 
measurements are not always col- 
lected exactly as scheduled. The meth- 
odology makes use of all available 
data in assessing the strength of asso- 
ciations between fluoride intake and 
relevant covariates. Since not all chil- 
dren participated for the full duration 
of the study, there is the possibility of 
bias due to the fact that the relation- 
ship between fluoride intake and co- 
variates may not be the same for indi- 
viduals who responded at every sur- 
vey as for individuals who dropped 
out or who otherwise had intermittent 
missing values. An alternative ap- 
proach for future analyses would be to 

FIGURE 3 
Patterns of Fluoride Intake per Unit Body Weight (Lines show longitudinal data 

for individuals.) 
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estimate the missing responses using 
multiple imputation procedures. Such 
an approach is only valid if the impu- 
tation model is correct, as in any analy- 
sis. We also are working with area-un- 
der-the-curve (AUC) analyses with in- 
terpolation to summarize fluoride 
intake over defined periods of time. 

Although very few studies have at- 
tempted to estimate fluoride intake 
from multiple sources simultane- 
ously, and none have assessed longi- 
tudinal patterns of fluoride intake, it is 
also necessary to acknowledge that 
other potentially important sources of 
fluoride were not included in these 
analyses. These other sources include 
certain ready-to-feed foods and bever- 
ages, as well as fluoride mouthrinses, 
gels, and other products. The three 
sources that we did include (denti- 
frice, water, supplements) are among 
the most ubiquitous, generally involve 
relatively consistent intake patterns, 
and are most often identified as risk 
factors for dental fluorosis, so we felt 
they were most appropriate for analy- 
sis. 

Other limitations that should be 
considered when interpreting the 
study findings: the results were by 
parent report without direct valida- 
tion and were obtained from a single 
sample of predominantly white moth- 

ers of high socioeconomic status. Daily 
fluctuations in fluoride intake were 
not assessed. 

The patterns of fluoride intake from 
the three sources were not unex- 
pected, with water predominating 
early in life, largely due to many chil- 
dren receiving fluoridated water 
mixed with infant formula concen- 
trate. Fluoride ingestion from denti- 
frice increased with age, generally co- 
inciding with tooth eruption and the 
increasing number of teeth present. 
Supplement use was consistently low, 
on average, declining slightly with 
age, perhaps due to compliance issues. 

In terms of combined fluoride in- 
take on a per body-weight basis, the 
mean intakes appeared to be relatively 
stable very early in life and then again 
at 20 months of age and older (Figure 
2), with a transitional period between 
about 6 and 20 months of age. This 
transitional period roughly coincides 
with estimates of the most critical ages 
for permanent tooth fluorosis devel- 
opment (1-2). Thus, it is possible that 
the difficulties in precisely idenwing 
the most critical age and threshold 
fluoride intake levels associated with 
fluorosis (26) may be partially attribut- 
able to this transitional period when 
flUOride intakes appear to be subject to 
wide fluctuation. Therefore, single, 
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cross-sectional fluoride intake esti- 
mates at a particular age (as in pre- 
vious cross-sectional studies) m y  not 
be particularly valid or useful. With 
few studies of the relationship be- 
tween fluorosis and fluoride intake in 
infancy, additional emphasis on this 
age is warranted. Although Ishii and 
Suckling (27) did not find dental 
fluorosis associated with excessive 
fluoride levels (7.8 ppm) up to 11 
months of age, Ismail et al. (3) found a 
substantially elevated risk of maxil- 
lary central incisor fluorosis (OR = 
5.69) for children exposed from birth 
or during the first year of life to greater 
than 2.0 ppm fluoride in the drinking 
water versus those exposed after age 
1. Ideally, a longitudinal approach 
utilizing several different time points 
to estimate intakes and describe pat- 
terns would allow better under- 
standing of the development of 
fluorosis given the dynamic nature of 
fluoride intake during early child- 
hood. 

In a similar vein, obtaining esti- 
mates of a threshold level of fluoride 
intake necessary for fluorosis develop- 
ment also may be inherently difficult. 
As evidenced by our data in Table 3, 
those exceeding the different thresh- 
olds at the various ages ranged from 
less than 10 percent to over 60 percent 
and varied considerably across the 
threshold values, particularly at the 
older ages. This finding is consistent 
with those of Rojas-Sanchez et al. (ll), 
who found that the proportion of 28- 
month-olds exceeding the 0.07 mg/kg 
threshold for intake from food, bever- 
ages, and dentifrice varied from 18 
percent to 57 percent, depending on 
location and fluoridation status. 
Clearly, these data highlight the nu- 
merous combinations of ages and in- 
take levels that must be considered in 
better understanding fluorosis devel- 
opment. 

Although this descriptive paper fo- 
cused a great deal on mean fluoride 
intake levels and group trends, as Fig- 
ure 3 demonstrates, there can often be 
considerable variation in individuals’ 
fluoride intake over time. This individ- 
ual variation over time also highlights 
the limitations involved in trying to 
match fluoride intake levels at an iso- 

lated (cross-sectional) time point to 
fluorosis development. Again, longi- 
tudinal assessment of fluoride intake 
appears to be critical for more thor- 
ough understanding of the complex 
combination of factors that may play a 
role in fluorosis development. 
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