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Research

Water Fluoridation and Birth OQutcomes in California
Dana E. Goin,”© Amy M. Padula,” Tracey J. Woodruff,! Allison Sherris,?> Kiley Charbonneau,’ and Rachel Morello-Frosch>*

"Program on Reproductive Health and the Environment, Department of Obstetrics, Gynecology, and Reproductive Sciences, School of Medicine, University of
California, San Francisco, San Francisco, California, USA

“Emmett Interdisciplinary Program in Environment and Resources, Stanford University, Palo Alto, California, USA

3Department of Environmental Science, Policy, and Management, University of California, Berkeley, Berkeley, California, USA

“4School of Public Health, University of California, Berkeley, Berkeley, California, USA

BACKGROUND: There is a lack of research on the relationship between water fluoridation and pregnancy outcomes.
OBJECTIVES: We assessed whether hypothetical interventions to reduce fluoride levels would improve birth outcomes in California.

METHODS: We linked California birth records from 2000 to 2018 to annual average fluoride levels by community water system. Fluoride levels were col-
lected from consumer confidence reports using publicly available data and public record requests. We estimated the effects of a hypothetical intervention
reducing water fluoride levels to 0.7 ppm (the current level recommended by the US Department of Health and Human Services) and 0.5 ppm (below the
current recommendation) on birth weight, birth-weight-for-gestational age z-scores, gestational age, preterm birth, small-for-gestational age, large-for-
gestational age, and macrosomia using linear regression with natural cubic splines and G-computation. Inference was calculated using a clustered bootstrap
with Wald-type confidence intervals. We evaluated race/ethnicity, health insurance type, fetal sex, and arsenic levels as potential effect modifiers.

REesuLTS: Fluoride levels ranged from 0 to 2.5 ppm, with a median of 0.51 ppm. There was a small negative association on birth weight with the hypotheti-
cal intervention to reduce fluoride levels to 0.7 ppm [—2.2 g; 95% confidence interval (CI): —4.4, 0.0] and to 0.5 ppm (=5.8 g; 95% CIL: —10.0, —1.6).
There were small negative associations with birth-weight-for-gestational-age z-scores for both hypothetical interventions (0.7 ppm: —0.004; 95% CI:
—0.007, 0.000 and 0.5 ppm: —0.006; 95% CI. —0.013, 0.000). We also observed small negative associations for risk of large-for-gestational age for both
the hypothetical interventions to 0.7 ppm [risk difference (RD) = — 0.001; 95% CI: —0.002, 0.000 and 0.5 ppm (—0.001; 95% CI: —0.003, 0.000)]. We did
not observe any associations with preterm birth or with being small for gestational age for either hypothetical intervention. We did not observe any associa-
tions with risk of preterm birth or small-for-gestational age for either hypothetical intervention.

CoNcLUSION: We estimated that a reduction in water fluoride levels would modestly decrease birth weight and birth-weight-for-gestational-age

z-scores in California. https://doi.org/10.1289/EHP13732

Introduction
Fluoridation of community water systems in the United States
began in 1945 in Grand Rapids, Michigan.! At this time,
researchers initiated what was supposed to be a 15-y epidemio-
logical study of water fluoridation and rates of dental decay in
Grand Rapids and Muskegon, a nearby town, serving as a con-
trol community. Researchers observed that rates of dental
decay declined in Grand Rapids after fluoridation but stayed
the same in Muskegon. Based on these findings, city officials in
Muskegon decided to fluoridate their water in 1951, ending the
study 9 y early. Since then, many water systems across the
world have fluoridated their water supplies. Fluoride is added
to the water supply at the treatment plant, and a sodium fluo-
ride saturator system, fluorosilicic acid system, or dry fluoride
feed system can be used.? In the case excess fluoride is added,
water systems shut down the equipment and flush out the water
lines; they are also required to notify the public.? Individuals
who wish to remove fluoride must use a reverse osmosis filter.
Although the dental health benefits are well substantiated,? evi-
dence suggests fluoride consumption in early life may adversely
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affect child neurodevelopment,** although some recent studies
have also found positive or null associations.!%!! Given existing
evidence, the National Toxicology Program has concluded that
“fluoride is presumed to be a cognitive neurodevelopmental hazard
to humans.”!? Because birth outcomes can also affect neurodevel-
opment,'>!# adverse birth outcomes may be on the pathway
between in utero fluoride exposure and potential effects on neuro-
development. However, only recently has the impact of water fluo-
ridation on pregnancy outcomes been considered in the United
States,'>1¢ and studies in the United States and elsewhere that do
exist show mixed results. For instance, some studies found higher
fluoride levels were associated with lower birth weight,15 whereas
others found associations with higher birth weight.!”-'8 Some stud-
ies have found increased risk of preterm birth,'® others have found
the opposite,'®2° and one study found no association with either
gestational age or fetal growth.?! To our knowledge, no studies
have been done at the population level, which is an important next
step for establishing risk in a general population.

Despite the paucity of evidence surrounding the effects of water
fluoridation on reproductive health, some animal and epidemiolog-
ical studies in places with naturally high levels of fluoride in
ground water point to potential mechanisms and suggest there may
be adverse effects. Evidence indicates fluoride exposure may affect
endocrine systems via alterations in thyroid hormone levels.?>~
Many other endocrine-disrupting chemicals have been linked to
adverse birth outcomes because of the key role of hormones in reg-
ulating the normal processes of growth during gestation and partu-
rition.2%27 Drinking water fluoride levels exceeding the World
Health Organization (WHO) guideline of 1.5 ppm have also been
linked to anemia,?® hypertension,?® and other adverse cardiovascu-
lar outcomes,>? which may increase risk of adverse birth outcomes
due to systemic inflammation and oxidative stress.?'=33 Animal
studies have shown fluoride can affect antioxidant enzyme activity,
including reactive oxygen species and NADPH oxidase, mecha-
nisms related to inflammation and oxidative stress.>*3> These
mechanisms related to inflammation and oxidative stress have also
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been implicated in the pathogenesis of adverse birth outcomes.>®

However, given the lack of research investigating effects of water
fluoridation on human reproductive outcomes, specific mechanis-
tic pathways are not yet known.

California passed Assembly Bill 733 in 1995 requiring all pub-
lic water systems with at least 10,000 service connections to install
a water fluoridation system once the funds became available.3’
Since then, water districts have complied at different times, result-
ing in spatial and temporal variability in water fluoridation prac-
tices. The Metropolitan Water District of South California, which
provides surface water to 18 million Southern Californians, began
fluoridating in 2007.3® Furthermore, in 2015, the US Department
of Health and Human Services reduced the recommended level of
fluoride in drinking water to 0.7 ppm, a change from previous
standards that were dependent on ambient temperature and ranged
from 0.7 to 1.2 ppm.>® This policy change introduced additional
variability in levels of water fluoridation within water systems over
time in California, especially among those water districts that have
fluoridated their water for decades. Some water districts also vary
the proportion of ground vs. imported surface water they use over
time, which creates variability in the amount of fluoride in the
blended water distributed to consumers. Our goal was to use this
variability to examine the effects of water fluoridation on birth out-
comes. To evaluate the potential impacts of policy change regard-
ing community water fluoride levels on birth outcomes, we
estimated the effects of two hypothetical interventions to reduce
water fluoride levels to 0.7 ppm and 0.5 ppm on birth outcomes in
California. We chose these thresholds to represent reduction to the
current recommended level (0.7 ppm) and to a level below the cur-
rent recommendation (0.5 ppm).

Data and Methods
Study Population

We used California birth records to capture births that occurred
in areas served by community water systems during the period
2000-2018. Birth records were geocoded to the pregnant
person’s address at the time of delivery and linked to water sys-
tem boundaries using the UC Berkeley Water Equity Science
Shop Community Water System boundaries.*® We began with
N =9,805,694 births and limited our analyses to live singleton
births, where the birthing parent’s address was able to be geocoded,
the parent was living in an area served by a community water system,
and the outcome variables, covariates, and fluoride levels had non-
missing values (n = 5,008,915) (Supplemental Figure 1).

This study was approved by the institutional review board of
the University of California, San Francisco (IRB No. 21-34762
and CDPH IRB No. 13-05-1231).

Birth Outcomes

The outcomes we considered in this study were birth weight in
grams, birth-weight-for-gestational-age z-scores, gestational age
in completed weeks, preterm birth, small-for-gestational age,
large-for-gestational age, and macrosomia. We used a population
reference to calculate birth weight-for-gestational-age z-scores,
small-for-gestational age, and large-for-gestational age.*! Small-
for-gestational age was defined as below the 10th percentile of
sex-specific birth-weight-for-gestational age based on a popula-
tion reference,*' and large-for-gestational age was defined as
above the 90th percentile. Gestational age was determined based
on the obstetric estimate of gestational age from 2007 forward;
before 2007 the obstetrical estimate was not recorded on birth
records so last menstrual period was used to estimate gestational
age. Preterm birth was defined as delivery before 37 completed
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weeks of gestation. Macrosomia was defined as birth weight
>4,000 g.

Fluoride Levels

Comprehensive historical data on fluoride levels for community
water systems across California are not publicly available. However,
since 1998, water systems have been required to test and report levels
of several chemicals, including fluoride to consumers as part of the
Consumer Confidence Report Rule amendment to the Safe Drinking
Water Act. This requirement usually means a hard copy brochure of
the consumer confidence report is mailed to customers. The data are
not compiled into electronic databases, and record keeping among
water system administrators varies substantially. The US EPA com-
piles consumer confidence reports in the Safe Drinking Water
Information System (SDWIS) system; however, only the most recent
years are available. To compile a database of historical water fluoride
levels from 2000 to 2018, we used all publicly available data, and we
filed Freedom of Information Act requests to individual water sys-
tems for the consumer confidence reports for years that were missing
data.

Consumer confidence reports provide fluoride levels measured
at specific water sources (e.g., a water intake or treatment plant)
and/or system average concentrations. They also distinguish
between naturally occurring and treatment-related fluoride levels.
To determine the average level of fluoride in a given water system
and year, we used the level of fluoride reported in the consumer
confidence report if only one water source was reported. If only the
treatment-related level of fluoride was provided, we used this level.
If only the naturally occurring level of fluoride was provided, we
used this level. If more than one water source was listed, but an av-
erage for the system was listed, we used the average level reported.
If more than one water source was listed and no system average
was reported, but there were percentages listed for each water
source, we created weighted averages using the percentages
reported. If more than one water source was listed, no system aver-
age was reported, and no percentages were listed for each water
source, we created a simple average between the sources. If only a
range was reported, we used the median of the range. If only a
range or no data were available, but a value of average annual fluo-
ride levels was listed on the data provided on the California Water
Board website,*?> we used that level. If levels were missing for a
year but prior year levels were available, we carried those levels
forward. We assumed nondetected fluoride levels were the limit of
detection for the purpose of reporting (0.1 ppm) divided by the
square root of 2. Of the 5,861 water systems and years we included
in the study, fluoride levels for 893 (15.3%) were nondetected or
were an average of a detected and nondetected level, and 3,408
(58.1%) had fluoride levels directly from the consumer confidence
report, 984 (16.8%) had a simple average of fluoride levels from
two or more sources in the consumer confidence report, 835
(14.2%) had a weighted average of source levels from the con-
sumer confidence report, 184 (3.1%) had consumer confidence
reports that did not report a fluoride level (which, given the current
regulations, we determined to be a nondetect), 96 (1.6%) used the
California Water Board level, 79 (1.3%) used a median of a range
reported on the consumer confidence report, 15 (0.3%) used a
weighted average of sources from a personal communication with
someone who worked at the water system, and 260 (4.4%) had
some other method, which sometimes represented when a water
system purchased data from another system or if the method was
not recorded. Of the 546 unique water systems included in this
analysis, there were 349 small or medium water systems (<10,000
connections) and 196 large water systems (10,000 or more connec-
tions). The median service area for small or medium water systems
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was 9.3 km?, and the median service area for large water systems
was 57.5 km? (Supplemental Table 1).

Birth records were linked to the average level of fluoride that
was present in the community water system that served the preg-
nant person at delivery. We assigned each pregnancy the fluoride
level in the year of the pregnancy, and if the pregnancy spanned
2y, we created a weighted average for which the weights were
the proportions of the pregnancy spent in each year. We previ-
ously conducted a study linking community water system fluo-
ride levels to maternal serum, urine, and amniotic fluid
collected during midgestation and found modest but statisti-
cally significant correlations between the community water
system fluoride and fluoride levels in biological samples.*?
For example, the correlations between community water fluo-
ride and the fluoride measured in maternal serum and amniotic
fluid were 0.39 and 0.41, respectively. This finding provides
some confidence that water fluoride level is a decent proxy for
actual exposure levels.

Arsenic Levels

To control for arsenic levels, which often covary with fluoride
levels (either because of geology or industrial pollution) and thus
may cause coexposure confounding,** we linked birth records to
the Water Quality Database Files from California’s State Water
board,*> which provide historical public water monitoring data
for community water systems. These data represent testing levels
by water systems for each water source but do not include com-
prehensive data on treatment-related fluoride. To estimate the
contaminant levels in the distribution system, we connected each
source to a receiving source to avoid double counting of testing
levels and remove duplicates as described in previous work.*°
We then created yearly averages of arsenic levels for each water
source. If levels were missing for a year, but prior year levels
were available, we carried those levels forward.

Statistical Analyses

Our goal was to estimate the effects of two hypothetical interven-
tions of reducing water fluoride levels to 0.7 ppm and 0.5 ppm on
birth outcomes. To do this, we used G-computation*’ with a lin-
ear regression model that included a natural cubic spline to allow
for nonlinearity in the effects of fluoride. G-computation is a
standardization approach that allows the investigator to model
the effects of a hypothetical intervention.*3*° We selected the
number of knots for each outcome regression separately using the
Aikake Information Criteria. We then predicted the outcomes if
fluoride levels that exceeded 0.7 ppm were reduced to 0.7 ppm
and did the same for 0.5 ppm. For inference, we used a clustered
bootstrap with 200 bootstrapped samples to calculate Wald-type
CIs at the water system level. All analyses were conducted on the
additive scale.

Furthermore, we wanted to assess whether small changes in
fluoride levels were associated with differences in birth outcomes
across the distribution. Thus, we evaluated the association of flu-
oride levels with birth outcomes using generalized additive mod-
els to identify potential nonlinearities.

We selected covariates based on the literature and a directed acy-
clic graph (Supplemental Figure 2). We adjusted for individual-level
characteristics including continuous birthing parent age, race/ethnic-
ity, health insurance type, educational attainment, and the month and
year of conception. We included race/ethnicity as a confounder and
potential effect modifier because of the way racialized access to
wealth and racial residential segregation influences where people live
in California, as well as how racism can affect birth outcomes. The
categories of race on the birth record included White, Black,
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American Indian/Native American, Asian-Specified, Asian-
Chinese, Asian-Japanese, Asian-Korean, Asian-Vietnamese,
Asian-Cambodian, Asian-Thai, Asian-Hmong, Other-Specified,
Indian (Excludes American Indian, Aleut, and Eskimo), Filipino,
Hawaiian, Guamanian, Samoan, Eskimo, Aleut, Pacific Islander
(Excludes Hawaiian, Guamanian, Samoan), Withheld, and
Unknown. The categories of Hispanic ancestry or origin were Not
Hispanic, Mexican, Puerto Rican, Cuban, Other Hispanic, or
Unknown/Withheld. We summarized these into the following cat-
egories: White, Black, Asian, American Indian/Alaska Native,
Hawaiian/Pacific Islander, multirace, other race/ethnicity, and
Hispanic/Latinx. Any participant with Hispanic/Latinx ethnicity
was coded as Hispanic/Latinx, except for the multirace group.
Insurance categories were public, private, and other payment.
Public health insurance included Medicaid, other government in-
surance, and Indian Health Service. Before 2005, public insurance
also included Medicare, worker’s compensation, and Title V.
Private insurance included private insurance and CHAMPUS/
TRICARE. Before 2005, private insurance also included categories
for Blue Cross—Blue Shield and health maintenance organization
(HMO). Other payment source includes a medically unattended
delivery, self-pay, and other payment. Before 2005, other options
included no charge, other nongovernmental insurance, and medically
indigent. Educational attainment was categorized as less than high
school attainment, high school graduate, some college, college gradu-
ate, and graduate school graduate, which included a master’s degree,
doctorate, or professional degree. All individual characteristics were
collected from the birth record.

We also adjusted for the total population served by the water
system, drinking water arsenic levels, county-level annual aver-
age temperature from the National Oceanic and Atmospheric
Administration,’® and urbanicity from the National Center for
Health Statistics.>! The urbanicity measure is based on the Office
of Management and Budget’s classification of metropolitan and
micropolitan statistical areas and is designed to characterize
health differences across urban and rural areas. Ambient tempera-
ture has historically been considered in fluoride recommenda-
tions, because it was assumed that people living in warmer
climates drink more water, and therefore fluoride levels should be
lower to prevent excess consumption.>2>3 We included county-level
unemployment from the Bureau of Labor Statistics>* and income in-
equality, represented as the ratio of the 80th to the 20th percen-
tiles of household income, from the County Health Rankings>?
as proxies for public finances and area-level socioeconomic
status.

Effect Modification

We performed various stratified analyses to assess whether there
were any populations for whom fluoride exposure was particu-
larly harmful. We were particularly interested in identifying
whether socially or economically marginalized groups experience
larger impacts that may raise environmental justice concerns.
Thus, we estimated associations within each subgroup of race/
ethnicity and health insurance status and assessed differences in
associations with each hypothetical intervention across groups.
Given the effects of in-utero exposure to chemicals including flu-
oride can differ by fetal sex,5%5637 we also evaluated stratified
by sex. Finally, given the potential for synergistic effects with ar-
senic,** we stratified analyses by whether the water system had
arsenic levels that exceeded the maximum contaminant level
(MCL) of 10 ppb or exceeded the 75th percentile of arsenic levels
(2.53 ppb) observed across California births during the study pe-
riod. To evaluate whether associations differed meaningfully
across groups, we used a Wald test for heterogeneity.>®
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Figure 1. Average drinking water fluoride levels in California community water systems from 2000 to 2018 by county urbanicity. Note: These county urbanic-
ity categories are defined using the National Center for Health Statistics Urban-Rural Classification Scheme.

Sensitivity Analyses

As a sensitivity analysis, we identified any birth weight and ges-
tational age combination as implausible if the birth-weight-for-
gestational-age z-score was < — 5 or more than 5 for term births
and < —4 or more than 3 for preterm births, following the algo-
rithm of Basso and Wilcox.”® We excluded births with implausi-
ble combinations of gestational age and birth weight to assess the
impact of this on our results.

We conducted a matched sibling analysis to better control
for potentially unobserved confounders across birth parents.
Our sibling approach analyzes differences in fluoride levels
between pregnancies for the same birth parent. Matched sibling
information was only available from 2001 to 2018, so births in
2000 were excluded. We compared siblings by differencing all
variables from the birthing parent-specific mean, which is
equivalent to including a fixed effect for each birthing parent in
the analysis.®® The fixed effect model estimated for the within-
sibling analysis is:

Yimsct = '30 + Blﬂuoridest + O(inmst + YkZCl + (bm + €imscrs

where i indexes the baby born to parent m in water system s in
county c for conception year . Vi, is the birth outcome, X,
is the vector of individual-level control variables, Z. is the
vector of county-level control variables, ¢,, is the birthing par-
ent fixed effect, and €;,,.; is the residual. The individual-level
control variables that could vary between births were age, edu-
cational attainment, and health insurance type. For this analy-
sis, we estimated the difference in the outcome for a 0.1-ppm
change in fluoride levels between siblings. To help understand
whether any differences between the sibling analysis and the
overall analysis were due to unmeasured confounding or popu-
lation composition, we also estimated the associations of a
0.1-ppm change in fluoride among all births in California, and
among the unmatched sibling data. To further examine the dif-
ferences between the main analytic cohort and the sibling
cohort, we compared the demographic characteristics and dis-
tribution of fluoride levels for each group.
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The database of water fluoride levels by water system and the
statistical analysis scripts are available at https:/github.com/
degoin/fluoridation-birth-outcomes.

Results

The fluoride levels varied within and across water systems over
the study period, 2000-2018, and patterns differed based on the
urbanicity of the water system (Figure 1). There is a large
increase in water fluoridation levels around 2007, which is when
the Metropolitan Water District started fluoridating water it deliv-
ered to Southern California districts.® There is also a decrease
starting in 2015, which is when the recommended level of fluo-
ride changed to 0.7 ppm for all districts, whereas previously it
ranged from 0.7-1.2 ppm, depending on the ambient temperature.

After limiting to our inclusion criteria, we had a sample size of
5,008,915 births (Supplemental Figure 1). The demographics of all
births compared with those included in the study during the 2000—
2018 period are shown in Supplemental Table 2. The median fluo-
ride level among participants in our study was 0.51 ppm (Table 1).
Black, Asian, and Hawaiian/Pacific Islander participants had
higher median fluoride levels (0.61, 0.59, and 0.60 ppm, respec-
tively) in comparison with White (0.52 ppm) and Hispanic/Latinx
participants (0.49 ppm). Those with college or graduate level edu-
cation had higher median exposure levels (0.59 and 0.61 ppm,
respectively) in comparison with those with a high school educa-
tion or less (0.49 ppm).

The associations of fluoride with birth weight, gestational age,
and birth-weight-for-gestational-age z-scores were nonlinear
(Supplemental Figures 3-5). Hypothetical interventions to reduce fluo-
ride levels were not associated with changes in the risk of preterm birth
or small-for-gestational age (Figure 2; Supplemental Excel Table S1).
We estimated small reductions in birth weight associated with the hy-
pothetical intervention to 0.5 ppm (—5.8 g; 95% CI: —10.0, —1.6)
and for the hypothetical intervention to 0.7 ppm (—2.2 g; 95% CL
—4.4, 0.0). We also estimated small reductions in birth-weight-for-
gestational-age z-scores; the association was slightly larger for the hy-
pothetical intervention to 0.5 ppm (—0.006; 95% CI: —0.013, 0.000)
in comparison with the hypothetical intervention to 0.7 ppm (—0.004;
95% CI: —0.007, 0.000). Differences in fetal growth may have
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Table 1. Descriptive statistics of drinking water fluoride levels (in ppm)
among California births from 2000 to 2018 by individual-level and area-

level covariates.

Births n % Min Max Mean Median SD
All 5,008,915 100.0% 0.00 2.50 049 051 0.28
Race/ethnicity
White 1,243,166 24.8% 0.00 2.50 049 052 0.29
Black 290,392 58% 0.00 195 057 061 028
Asian 657,290 13.1% 0.00 250 0.54 059 029
American Indian/Alaska 12,411 0.2% 0.00 250 042 038 031
Native
Hawaiian or Pacific Islander 21,828 0.4% 0.00 1.52 056 0.60 030
Other 3,832 0.1% 0.00 1.80 0.54 0.60 028
Multirace 143,044 2.9% 0.00 2.50 0.51 0.55 030
Hispanic/Latinx 2,636,952 52.6% 0.00 2.50 047 049 0.27
Education
Less than high school 1,187,518 23.7% 0.00 2.50 047 049 0.28
High school graduate 1,450,109  29.0% 0.00 2.50 047 047 0.28
Some college 1,122,950 22.4% 0.00 2.50 048 050 0.29
College graduate 799,154  16.0% 0.00 2.50 053 059 0.28
Graduate school 449,184 9.0% 0.00 228 0.56 061 0.27
Insurance type
Public insurance 2,505,737  50.0% 0.00 2.50 048 049 0.28
Private insurance 2,306,198 46.0% 0.00 2.50 0.51 054  0.29
Other payment 190,877  3.8% 0.00 2.50 052 056 0.25
Birthing parent age
<25 1,427,768 28.5% 0.00 2.50 047 047 0.28
25-34 2,651,528 52.9% 0.00 2.50 049 051 0.28
>35 929,619 18.6% 0.00 2.50 053 058 0.28
Month of conception
January 437,130 87% 0.00 250 049 051 0.28
February 398,438 8.0% 0.00 250 049 051 0.28
March 421,137 84% 0.00 250 049 051 028
April 399,449 8.0% 0.00 250 049 050 0.28
May 415,146 83% 0.00 250 049 050 028
June 401,076 8.0% 0.00 250 049 050 0.28
July 402,113 8.0% 0.00 250 049 051 028
August 408,741 82% 0.00 250 049 051 0.28
September 401,093 8.0% 0.00 250 049 051 0.28
October 431,542 8.6% 0.00 250 049 051 028
November 433,389 87% 0.00 250 049 051 0.28
December 459,661 92% 0.00 250 049 051 028
Year of conception
2000 89,053 1.8% 0.00 1.50 039 030 027
2001 97,473 1.9% 0.00 150 039 030 0.27
2002 102,387 2.0% 0.00 1.50 040 030 028
2003 125,512 25% 0.00 1.50 044 032 0.28
2004 143,420 29% 0.00 1.80 045 035 028
2005 239,799  48% 0.00 1.80 043 035 028
2006 306,139 6.1% 0.00 1.80 043 039 028
2007 335,161 6.7% 0.00 1.94 049 050 027
2008 338,484 6.8% 0.01 195 055 058 027
2009 328,656 6.6% 0.01 195 055 056 029
2010 342,261 6.8% 0.00 196 054 055 0.29
2011 346,236 6.9% 0.00 1.90 052 056 029
2012 351,588 7.0% 0.00 1.85 052 058 029
2013 358,933 72% 0.00 1.85 0.51 059 029
2014 358,997 7.2% 0.00 2.50 0.51 059 0.28
2015 359,640 72% 0.00 2.50 049 056 0.28
2016 355,186 7.1% 0.00 2.50 047 053 026
2017 342,152 6.8% 0.00 2.00 048 051 026
2018 87,838 1.8% 0.00 1.94 047 051 026
Total population served by the water system
<10,000 102,860 2.1% 0.00 2.50 030 020 0.29
10,000 or more 4,906,055 97.9% 0.00 194 050 052 0.28
Annual average temperature
Less than or equal to 23,000 0.5% 0.01 0.90 031 021  0.27
12.1°C (53.7°F)
More than 12.1°C 601,582 12.0% 0.00 250 035 0.17 035
(53.7°F)-14.6°C (58.3°F)
More than 14.6°C 2,797,716  55.9% 0.00 2.50 0.52  0.58 0.29
(58.3°F)-17.7°C (63.8°F)
More than 17.7°C 1,525,026 304% 0.00 1.85 0.50 050 0.23
(63.8°F)-21.4°C (70.6°F)
More than 21.4°C (70.6°F) 61,591 1.2% 0.04 138 048 049 021
Urbanicity
Large central metro 3,551,807 70.9% 0.00 1.96 0.55 0.59 025
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Table 1. (Continued.)

Births n % Min Max Mean Median SD
Large fringe metro 542,521 10.8% 0.00 1.53 0.47 046 0.29
Medium metro 777,224 15.5% 0.00 250 027 0.15 0.29
Small metro 113,477 23% 0.00 1.85 036 0.14 041
Micropolitan 17,944  04% 0.00 093 0.16 0.10 0.17
Noncore 5,942 0.1% 0.02 049 0.17 0.09 0.12

Unemployment
<5% 1,119,058 22.3% 0.00 1.80 049 049 0.26
5% to <10% 2,573,112 514% 0.00 250 050 054 0.28
10% or more 1,316,745 263% 0.00 2.50 0.47 049 0.31

Income inequality
<5 2,907,873 58.1% 0.00 2.00 042 041 0.28
S or more 2,101,042  41.9% 0.00 250 058 0.65 0.26

Drinking water arsenic
Below MCL 4,932,121 98.5% 0.00 250 049 051 0.28
At or above MCL 76,794 1.5% 0.02 1.85 055 0.68 0.32

Note: We have created categories of birthing parent age, total population served by the
water system, annual average temperature, unemployment, income inequality, and
drinking water arsenic for this table but they are included as continuous covariates in
the models. The categories for annual average temperature are based on the recom-
mended control limits for fluoridation from the 1962 Drinking Water Standards. The
MCL for arsenic is 10 ppb. MCL, maximum contaminant level; ppb, parts per billion;
ppm, parts per million; SD, standard deviation.

occurred by changes toward the right side of the distribution, because
we estimated small reductions in the risk of large-for-gestational-age
for both the hypothetical intervention to 0.5 ppm (RD = — 0.001;95%
CI: —0.003, 0.000) and to 0.7 ppm (RD = — 0.001; —0.002, 0.000).
We also estimated reductions in the risk of macrosomia for the
hypothetical intervention to 0.5 ppm (RD = —0.002; 95% CI:
—0.004, —0.001) and to 0.7ppm (RD= -0.001; 95% CI:
—0.002, 0.000). We estimated small reductions in gestational
age associated with the hypothetical intervention to 0.5 ppm
(—0.01 wk; 95% CI: —0.03, 0.00) and 0.7 ppm (—0.01 wk; 95%
CI: —0.02, 0.00). For each outcome, the direction of the associa-
tion changed (lower birth weight, birth-weight-for-gestational-
age z-scores, and gestational age) when fluoride levels were
above 1.0 ppm (Supplemental Figures 3-5), although CIs were
wide. When removing implausible combinations of birth weight
and gestational age, we saw minimal differences in the findings
(Supplemental Table 3).

When stratifying by race/ethnicity, we saw no consistent differen-
ces in birth weight, gestational age, or birth weight-for-gestational
age z-scores across racial/ethnic groups for either of the hypothetical
interventions (Figure 3). We also did not observe differences across
racial/ethnic groups for preterm birth (Supplemental Figure 6), small-
for-gestational age (Supplemental Figure 7), or large-for-gestational
age (Supplemental Figure 8). We did observe some differences in the
estimated effect of hypothetical fluoride interventions by insurance
status. For example, the association of birth weight with the hypothet-
ical intervention to 0.7 ppm was in the opposite direction for those
with private insurance (—2.6 g; 95% CI: —5.1, —0.2) and public in-
surance (—2.3 g; 95% CI: —4.3, —0.3) in comparison with those
with another source of payment (2.6 g; 95% CI: —0.6, 5.8)
(Figure 4). The association for the hypothetical intervention to
0.5 ppm was —5.5 g (95% CI: —9.9, —1.1) for those with private
insurance, —6.3 g (95% CI: —11.0, —1.5) for those with public in-
surance, and —1.7 g (95% CI: —8.8, 5.4) for those with other in-
surance. The patterns were similar for gestational age and birth-
weight-for-gestational-age z-scores (Supplemental Figures 9 and
10). We did not see consistent differences across insurance status
for preterm birth (Supplemental Figure 11), small-for-gestational
age (Supplemental Figure 12), or large-for-gestational age
(Supplemental Figure 13). We did not find any differences in the
estimated effects of the hypothetical interventions by fetal sex for
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Figure 2. Associations of hypothetical interventions to reduce drinking water fluoride among California births from 2000 to 2018 with birth weight, gestational
age, birth-weight-for-gestational-age z-scores, and risk of preterm birth, small-for-gestational age, large-for-gestational age, and macrosomia (n=15,008,915).
Note: To estimate the effects of the hypothetical interventions, we used G-computation with linear regression and a spline for the fluoride levels with a non-
parametric bootstrap clustered by water system for inference. All models were adjusted for birthing parent age, race/ethnicity, health insurance type, educa-
tional attainment, month and year of conception, total population served by the water system, county-level annual average temperature, urbanicity, unemploy-
ment, income inequality, and drinking water arsenic levels. The point estimates are represented by diamond shapes, and the 95% Cls are represented by the

error bars. These results are available in Excel Table S1. CI, confidence level.

any of the pregnancy outcomes studied (Supplemental Figures
14-19).

When stratifying by arsenic concentrations in drinking water,
we did not observe any differences in the effects of a hypothetical
intervention to 0.5 ppm for people with arsenic above or below the
MCL (Supplemental Figure 20). However, when we analyze the
effects for the hypothetical intervention to 0.7 ppm, there are some
potential differences by arsenic levels (Supplemental Figure 21).
For example, we did not observe an association for small-for-
gestational age in the group below the arsenic MCL (RD = 0.000;
95% CI: 0.000, 0.001), but we saw a negative association for those
above the arsenic MCL (RD = —0.002; 95% CI. —0.005, 0.000).
Among those below the arsenic MCL, we also saw a small negative
association with large-for-gestational age (RD = —0.001; 95% CI:
—0.002, 0.000), whereas the association was in the opposite direc-
tion for those above the arsenic MCL (RD=0.005; 95% CI:
—0.002, 0.011). Similarly, among those below the arsenic MCL,
there was no association with preterm birth (RD =0.000; 95% CTI:
0.000, 0.001), but we observed a positive association for those
above the MCL (RD =0.005; 95% CI: —0.002, 0.011). However,
these differences were not consistent with the results of the hypo-
thetical intervention to 0.5 ppm, nor with the results that stratified
above and below the 75th percentile of arsenic levels, rather than
the MCL (Supplemental Figures 22 and 23).

Finally, we analyzed the associations of a 0.1-ppm change in
fluoride levels on each of the perinatal outcomes among siblings
in California. Due to exclusion of the year 2000 data, single
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children, and missing data among any of the siblings, our sample size
was reduced to 1,386,826 (Supplemental Table 4). We also compared
the results of a 0.1-ppm change in fluoride among all births in
California and among the unmatched sibling data (Table 2). For both
the overall analysis and the unmatched sibling analysis, we found
that higher fluoride levels of 0.1 ppm were associated with an
increase in birth weight (all births RD =1.51 g; 95% CI: 1.32, 1.71
and unmatched siblings RD = 1.68 g; 95% CI: 1.32, 2.05). However,
when we analyzed the matched siblings, we did not see an associa-
tion (RD= —0.03; 95% CI: —0.38, 0.33). We observed a similar
pattern for birth-weight-for-gestational-age z-scores. We did observe
small consistent positive associations with gestational age and nega-
tive associations with risk of preterm birth across all births, the
matched sibling, and unmatched sibling populations. For instance, a
0.1-ppm increase in fluoride was associated with a reduction in risk
of preterm birth of —0.0002 (95% CI: —0.0003, —0.0001) among all
births, —0.0007 (95% CI: —0.0009, —0.0006) among the matched
siblings, and —0.0004 (95% CI: —0.0005, —0.0002) among the
unmatched siblings. Associations for small-for-gestational age and
large-for-gestational age were inconsistent across the study popula-
tions. However, we did observe positive associations of a 0.1-ppm
increase in fluoride levels with the risk of macrosomia.

To further assess whether a difference in population composi-
tion or confounding is driving the differences in results, we com-
pared the demographic characteristics and distribution of fluoride
levels for each group between the siblings and the main analysis
(Supplemental Table 4). Despite the reduction in sample size
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Figure 3. Associations of hypothetical interventions to reduce drinking water fluoride among California births from 2000 to 2018 with birth weight, gestational age,
and birth-weight-for-gestational age z-scores by racial/ethnic groups. Note: To estimate the effects of the hypothetical interventions, we used G-computation with
linear regression and a spline for the fluoride levels with a non-parametric bootstrap clustered by water system for inference. All models were adjusted for birthing
parent age, race/ethnicity, health insurance type, educational attainment, month and year of conception, total population served by the water system, county-level an-
nual average temperature, urbanicity, unemployment, income inequality, and drinking water arsenic levels. Race-specific models did not include race/ethnicity as a
covariate. The point estimates are represented by diamond shapes, and the 95% Cls are represented by the error bars. The Wald test for heterogeneity across racial
groups showed no difference for birth weight (p =0.77 for intervention to 0.5 ppm, p = 0.27 for intervention to 0.7 ppm), no difference for gestational age (p =0.69
for intervention to 0.5 ppm, p=0.48 for intervention to 0.7 ppm), and no difference for birth-weight-for-gestational age z-scores (p =0.58 for intervention to
0.5 ppm), but there was a potential difference for the intervention to 0.7 ppm (p =0.02). These results are available in Excel Table S1. The sample sizes for each
group are as follows: All n=15,008,915; White n = 1,243,166; Hispanic/Latinx n =2,636,952; Black n =290,392; Asian n =657,290; American Indian n=12,411;
Hawaiian/Pacific Islander n = 21,828; Multirace n = 143,044; Other race n = 3,832. CI, confidence interval.

from 5,008,915 to 1,386,826, we did not observe many demo-
graphic differences between the populations, although the sibling
group was slightly more likely to be Hispanic or Latinx, have
less than a high school education, and receive public insurance.
The distribution of fluoride levels was also similar between the
main analysis and the sibling group.
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Discussion

We conducted a population-level study to characterize drinking
water fluoride exposure among pregnant people and to evaluate
the association between water fluoridation and pregnancy out-
comes in the United States. We found small negative associations
with birth weight, gestational age, birth-weight-for-gestational-
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Figure 4. Associations of hypothetical interventions to reduce drinking water fluoride among California births from 2000 to 2018 with birth weight by insur-
ance status. Note: To estimate the effects of the hypothetical interventions, we used G-computation with linear regression and a spline for the fluoride levels
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Wald test for heterogeneity across insurance groups showed no difference for the intervention to 0.5 ppm (p =0.51), whereas there was a potential difference
between groups for the intervention to 0.7 ppm (p =0.01). These results are available in Excel Table S1. The sample sizes for each group are as follows:
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for birth complications and death.®® Large-for-gestational-age
and macrosomic babies can also have increased risk for cardio-

age z-scores, risk for large-for-gestational age, and macrosomia
associated with hypothetical interventions to reduce fluoride lev-

els to 0.5 and 0.7 ppm, but no associations with risk of preterm
birth or small-for-gestational age. This finding suggests that
higher fluoride levels as observed in our study are unlikely to
increase risk for the most severe adverse birth outcomes, like pre-
term birth and small-for-gestational age, but levels above may
slightly increase fetal growth beyond what is ideal. Large-for-
gestational-age babies are at greater risk for birth injury, includ-
ing fracture, shoulder dystocia, and Erb’s palsy.®!:%2 Very macro-
somic babies with birth weights over 4,500 g are at higher risk

metabolic disorders later in life.®4-°® However, the risk differ-
ences we observed were very small, and although the findings
contribute to data on etiological investigations of adverse birth
outcomes in relation to fluoride on a population level, the
results were not strong enough to impact changes in clinical
guidance or practice. Furthermore, we observed only increased
risk of macrosomia but not large-for-gestational age, with
higher levels of fluoride in the sibling-matched analysis.
Nevertheless, gestational diabetes is an important risk factor

Table 2. Associations of a 0.1-ppm increase in drinking water fluoride with birth weight, gestational age, birth-weight-for-gestational-age z-scores, preterm
birth, small for gestational age, large for gestational age, and macrosomia among the full sample of births from 2000 to 2018 and matched and unmatched

sibling births from 2001 to 2018 in California.

All births Matched siblings Unmatched siblings
n=5,008915 n=1,386,826 n=1,386,826
Estimate Estimate Estimate
Outcome (95% CI) (95% CI) (95% CI)
Birth weight (grams) 1.51 -0.03 1.68
(1.32, 1.71) (—0.38, 0.33) (1.32,2.05)
Gestational age (wk) 0.006 0.007 0.007
(0.006, 0.007) (0.006, 0.008) (0.006, 0.009)
Birth-weight-for-gestational-age z-scores 0.002 —0.003 0.002
(0.002, 0.002) (—0.003, —0.002) (0.001, 0.003)
Preterm birth —0.0002 —0.0007 —0.0004
(—0.0003, —0.0001) (—0.0009, —0.0006) (—0.0005, —0.0002)
Small for gestational age —0.0001 0.0001 —0.0001
(—0.0002, 0.0000) (—0.0001, 0.0003) (—0.0003, 0.0001)
Large for gestational age 0.0005 —0.0006 0.0006
(0.0004, 0.0006) (—0.0008, —0.0004) (0.0004, 0.0008)
Macrosomia 0.0006 0.0003 0.0007

(0.0005, 0.0007)

(0.0001, 0.0005) (0.0005, 0.0009)

Note: The overall analysis uses a linear regression model to estimate the effect of a 0.1-ppm increase in water fluoride levels across all births in California from 2000 to 2018. The
matched sibling analysis estimates the effect of a 0.1-ppm change in fluoride levels within siblings from 2001 to 2018. The unmatched sibling analysis estimates the effect of a
0.1-ppm increase in fluoride across all sibling births in California from 2001 to 2018, without taking into account the sibling relationships. The estimates for preterm birth, small-for-
gestational age, large-for-gestational age, and macrosomia represent risk differences. CI, confidence level; ppm, parts per million.
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for large-for-gestational age and has been increasing in preva-
lence since 2016.°7 Water fluoridation has been linked to altera-
tions in thyroid hormone levels,%® and thyroid disease and diabetes
are physiologically related,®® which suggest potential mechanisms
linking fluoride levels with neonate size. Examining the relation-
ship of fluoride with pregnancy health complications, including
gestational diabetes, preeclampsia, and pregnancy-related hyper-
tensive disorders may be important for future inquiry.

Our main findings are consistent with a cohort study in
Sweden, which found that higher urinary fluoride levels during
pregnancy were associated with higher birth weight, birth-weight-
for-gestational-age z-scores, and risk of large-for-gestational age
births.!” In this study, median urinary fluoride levels were
0.71 mg/L, and an increase of 1 mg/L was associated with an
increase in birth weight (RD=84 g; 95% CI: 30, 138) and
increased odds of large-for-gestational age (OR=1.39; 95% CI:
1.03, 1.89). In addition, a study in Mexico found urinary fluo-
ride levels were positively associated with birth-weight-for-
gestational-age z-scores, but only in the first trimester,'® where
an increase of 1 mg/L in maternal urinary fluoride above
0.99 mg/L was associated with an increase in birth-weight z-
scores (RD=0.79; 95% CI: 0.10, 1.48). A study in Canada with
median maternal urinary fluoride of 0.5 mg/L also found no
associations of urinary fluoride levels with the risk of preterm
birth or small-for-gestational age.?! These studies used urinary
fluoride concentrations to evaluate the reproductive impacts of
exposure to fluoride from all sources, whereas our study esti-
mated the impact of exposure to drinking water fluoride
specifically.

Evidence evaluating associations with drinking water fluoride,
rather than urinary fluoride, is less consistent. For instance, living
in a ZIP code with fluoridated water was associated with increased
risk of preterm birth in New York State,'® and one study using
National Health and Nutrition Examination Survey (NHANES)
data found that higher fluoride levels in drinking water were associ-
ated with low birth weight, but only among Hispanic mothers.!>
One study in Massachusetts found community water fluoridation
was protective for preterm birth, especially when combined with
dental cleaning during pregnancy,'® and another Massachusetts
study found higher water fluoride levels were protective against
major malformations and neonatal deaths.?°

Studies in Africa and South Asia have tended to find associa-
tions between higher drinking water fluoride levels with adverse
birth outcomes. For instance, a study in India found 8.7 higher
odds of preterm birth and 10.6 higher odds of low birth weight
among mothers with serum fluoride levels >1 ppm,’° and a study
in Senegal found increased risk of low birth weight among moth-
ers with dental fluorosis and those who consumed well water dur-
ing pregnancy in areas of endemic fluoride contamination.”!
Pregnant women in India with serum fluoride above 1 ppm were
found to have high rates of anemia and congenital abnormalities
in offspring.?® Differences between these findings and the current
study may be due to exposure levels, because mothers in India
and Senegal were exposed to much higher fluoride levels on aver-
age in comparison with California mothers. In addition, these
studies represent areas in which fluoride occurs naturally in high
amounts, whereas in California there is a mix of naturally occur-
ring and treatment-related fluoride.

This work had several important limitations. The water fluo-
ride levels likely included measurement error because we used
annual averages, which are the only estimates available from the
consumer confidence reports from community water systems. In
addition, these measures tend to round to one decimal place,
which may reduce precision, especially for lower levels of expo-
sure. We used the detection limit for the purpose of reporting
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(0.1 ppm) divided by the square root of 2 when fluoride levels
were reported to be nondetected. Given the limited number of
nondetects in the data (7.5% of water system-years), we expect
this approach introduced only minimal bias.”? The reports some-
times did not clarify the proportion of water used from different
sources, and in this case, we used a simple average of the sources.
We geocoded participants based on their address at delivery, but
people may have moved during pregnancy, which we were not
able to capture. We also excluded participants living outside of
water boundary service areas from our analysis because we did
not have estimates of fluoride levels for them. In addition, people
relying on domestic wells who live within water system service
boundaries may have been misclassified. Previous studies have
shown some groups are less likely to drink tap water and thus
may have different levels of exposure,!>73 but we were not able
to measure drinking water consumption behaviors in our study.
However, our previous study evaluated the relationship between
community water system annual fluoride levels and fluoride lev-
els in maternal urine, serum, and amniotic fluid and found signifi-
cant correlations,*? suggesting the water system levels do capture
variation in fluoride exposure and reflect prenatal exposures,
including fetal exposures. Additional studies outside the United
States also suggest water fluoride levels are an important predic-
tor of fluoride measures in urine and plasma of pregnant people.’
However, we did not measure fluoride within individuals and
were unable to include sources of fluoride other than drinking
water, including tea and dental products.”>

There was also some missingness in the fluoride data. Many
water systems did not keep records back to 2000, and several sys-
tems did not respond to our public records requests. Specifically,
the California American Water Company and California Water
Service Company did not respond to our multiple public records
requests. Thus, we were able to include only data on their water
systems for recent years, which were publicly available. We were
also unable to assess whether there are critical windows of expo-
sure during the prenatal period because the exposure information
was only available annually. Previous studies in Mexico have
suggested minimal changes in urinary and plasma fluoride levels
over the course of pregnancy,’® although there may be differential
effects of fluoride on fetal growth depending on the trimester of
exposure.'® We were unable to evaluate whether associations dif-
fered by the type of chemical used for fluoridation due to lack of
data. Previous studies have suggested potential effects of water
fluoridation on fertility.”” For instance, an ecological study of
water fluoridation and birth rates found reduced fertility linked to
water fluoride levels in the United States,”” and toxicological evi-
dence suggests fluoride exposure can inhibit both male’®7° and
female fertility. It is also possible our results were biased down-
ward due to live birth bias and the exclusion of miscarriages and
stillbirths in the population.! Both reductions in fertility and
higher risk of fetal loss can mask associations of chemicals with
birth outcomes due to selection bias.

More than 200 million Americans receive fluoridated water,
and no previous studies to our knowledge had evaluated the effect
on birth outcomes at the population level. This study built a novel
database of fluoride levels in California community water sys-
tems using consumer confidence reports collected using public
records requests and linked those records to more than 5 million
births. We did not find associations with either preterm birth or
being small for gestational age, both birth outcomes that have
the strongest associations with later morbidity and mortality.
However, we did estimate small reductions in birth weight, ges-
tational age, and risk for large-for-gestational age associated
with hypothetical interventions to reduce fluoride levels. These
results suggest that fluoride levels above 0.5 and 0.7 ppm are
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