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BACKGROUND: The objective of this study was to determine the association between water and plasma fluoride and blood
pressure (BP) among children and adolescents.
METHODS: Our study population was individuals of 8–18 years in the 2013–2016 National Health and Nutrition Examination
Survey. We performed a multivariable linear and logistic regression analysis to examine the relationship between fluoride and BP.
RESULTS: In a linear regression analysis for systolic BP (SBP) (mm Hg) adjusting for age, sex, race, and poverty, fluoride in water
(mg/L) was significant with a coefficient of −0.44 (p= 0.046) among adolescents (12–18 years). Additional adjustments for race,
poverty, serum levels of cotinine, and BMI remained significant. While an inverse relationship was found in children (8–11 years),
none were significant. Fluoride in plasma was not significant across all ages. The odds ratio of high BP for an increase in water
fluoride also was not significant.
CONCLUSIONS: Higher concentrations of fluoride in water were associated with low SBP only among adolescents. Fluoride alone
cannot be responsible for BP as several biological metabolic processes may influence its physiological effects. Fluoride consumption
should be considered in conjunction with these processes.

Pediatric Research (2022) 92:1767–1772; https://doi.org/10.1038/s41390-022-01982-4

IMPACT:

● The high fluoride in drinking water was statistically significantly associated with low systolic BP in children and adolescents.
● The odds ratio of high BP for an increase in fluoride in drinking water was not significant.
● Our study contributes to the existing literature by providing individualized data and results on an individual level.

INTRODUCTION
High blood pressure (BP) levels are becoming more prevalent in
the United States, especially among younger generations. Accord-
ing to the 2017 AAP Clinical Practice Guideline, more than 1 in 7
individuals between 12 and 19 years had elevated BP or
hypertension in 2013–2016 within the U.S.1 Elevated BP and
hypertension pose a threat to children and adolescents as they
harm the cardiovascular system and increase risks for cardiovas-
cular diseases as they approach adulthood.1 Socioeconomic factors
including age, sex, race, income, and body mass index (BMI)
category are associated with high BP and hypertension.2–4 Among
adults with lower income, higher BMI is associated with higher
odds of hypertension.5 High BP is responsible for nearly 8 million
deaths worldwide, and >80% of this burden occurs within middle-
and low-income countries as BP mortality is rising in such areas.6

According to the CDC, the United States Department of Health
and Human Services recommends a fluoride level of 0.7 mg/L in
one’s drinking water—concentrations >0.7 mg/L can be considered
high and potentially detrimental to one’s health.7 High fluoride
concentrations ranging from 0.83 to 1.11mg/L are mainly reported
in drinking water distribution (tap water) systems, whereas

concentrations in bottled water can vary between 0.09 and 0.63
mg/L.8 Bottled drinking water alone is not expected to cause a
significant increase in fluoride intake but should still be monitored
closely in order to avoid any toxic effects.9 There is also high
fluoride content in the environment. While many studies have
reported fluoride levels in the environment through drinking water,
seawater, fish, etc., fluoride has also been found in pasteurized
cow’s milk available in the supermarkets of Iran—high consumption
of fluoride from milk can lead to adverse health effects.10,11 Fluoride
has also been found in gaseous and particulate forms in the air
from industrial operations involving the production and manufac-
turing of materials including aluminum, brick, glass, etc.12

Similarly, in tropical areas, fluoride content has been reported in
fruit juice although consumption was not associated to non-
carcinogenic health risks.13 Fluoride content was also determined
in the skeletal bone and muscle of fish, which are widely
consumed by the study population in Iran.14

In the United States, roughly 1.4 million individuals have
drinking water with natural fluoride concentrations while 162
million individuals have artificially fluoridated water.15 Consump-
tion of large amounts of fluoride from water and food can lead to
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a variety of adverse consequences, including dental and skeletal
fluorosis, musculoskeletal weakness, hypothyroidism, cognitive
impairment, and cancer.15

Although fluoride is found to have a positive effect on the
dental health of children and adolescents, concentrations above
the EPA’s MCL of 4 mg/L can lead to potential side effects. High
concentrations of fluoride are also speculated to have a negative
effect on the intelligence levels of children.16 A study in Mexico
indicated that higher prenatal exposure to fluoride was associated
with lower General Cognitive Index scores and lower intelligence
quotient (IQ) scores in children by 3 and 2.5 points, respectively.17

Similar results were obtained in a study from 6 cities in Canada,
where greater fluoride exposure was associated with lower IQ
scores in children between 3 and 4 years of age.18 However, no
conclusive relationship can be drawn as these studies were based
on low levels of exposure outside the U.S. population. In countries
such as China and Iran, there was a higher prevalence of
hypertension in individuals living in areas with high fluoride
concentrations.19,20 These studies showed that the high fluoride
concentration in tap water was significantly associated with
essential hypertension, or abnormally high BP levels that are
unrelated to any medical conditions, in the Chinese20 and
Iranian19 adults who consumed the water.
Fluoride can be found in varying levels in the environment such

as in groundwater. The water interacts with natural minerals to
produce fluoride in different concentrations.21 The occurrence of
fluoride in the environment depends on the location. In a study
conducted on Bushehr province, Iran, the daily intake of fluoride
reached up to 3.04 and 7.88mg per day.22 Another study in Iran
suggests that residents in areas with higher fluoride concentra-
tions in water are at higher risk for hypertension than those in
areas with lower fluoride concentrations.23

An excess of fluoride in drinking water is shown to lead to
fluoride toxicity, which can contribute to many factors that can
cause hypertension such as oxidative stress.24 A previous study in
Dashtestan, Iran also determined that there may be a weak
correlation between increasing water fluoride levels and decayed
permanent or decayed deciduous teeth among children.25 Another
study on fluoride in Arsanjan, Iran also determined a positive
correlation between water fluoride levels and total dissolved solids,
Ca2+ and Mg2+.26 However, the primary health effects of
consuming fluoride are still widely unknown and understudied.
Today, the issue of high BP and hypertension has become a

matter of great magnitude. The main purpose of this study is to
determine the association between fluoride concentrations in
both plasma and water and high BP or hypertension. This study
mainly focuses on the population of children and adolescents
residing in the United States. Based on previous study results in
other countries, we hypothesize that an increase in fluoride
concentration in plasma and water would be positively correlated
with an increase in the prevalence of hypertension.

METHODS
Study population
Individualized data on demographic characteristics and clinical question-
naires from 2013 to 2016 were obtained from the National Health and
Nutrition Examination Survey (NHANES) (https://www.cdc.gov/nchs/
nhanes/index.htm). NHANES surveys adults and children across the United
States through a combination of interviews and physical examinations to
assess their health status. Information is collected on the prevalence of
chronic conditions in the population and representative of all ages of the
U.S. population. Data were gathered through two different phases: home
interviews and health measurements in equipped mobile centers. For
participants aged 16 and older, interviews also included a questionnaire on
their blood pressure and cholesterol history, and whether they are taking
prescribed medicine for hypertension. The only eligibility criterion for
collecting plasma fluoride levels was that the participants be between 6
and 19 years of age. For the data on fluoride levels in drinking water,

participants had to be 19 years of age or younger with a water sample
collected from their household. Our study population was children and
adolescents of ages 8–18 years in the 2013–2016 NHANES who were
measured for fluoride levels in plasma and drinking water of their
household and BP. Our analyses grouped participants by into two aging
groups based on their developmental stages as fluoride can have different
impacts on children and adolescents as a result of age-dependent physio-
logical and metabolic factors. The first group consisted of participants of
early and middle childhood (8–11 years of age), while the second group
consisted of adolescents (12–18 years of age).27

This study was exempt from the ethical review by the University of Seoul
Institutional Review Board (exempt no. 2019-35). All participants provided
their written informed consent form for participating in NHNAES.

Fluoride levels and BP
Fluoride levels in water and in plasma were only collected from those ≤19
years of age. Both fluoride levels were obtained in 2014 for the 2013–2014
cycle and 2016 for the 2015–2016 cycle and measured in duplicate from
the same sample. The average of the two values was then reported. Plasma
fluoride levels were measured by venous blood samples that were frozen
at −20 °C until ready for fluoride analysis. Fluoride concentrations in the
plasma samples were measured using the ion-specific electrode. The
electrode had a limit of detection (LoD) of ~1 μmol. Because this value is
similar or higher than most plasma fluoride concentrations, the
hexamethyldisiloxane facilitated diffusion method was used to transfer
fluoride from the plasma into an alkaline solution of lower volume. Since
the variability between both test results was not statistically significant, the
average of the two results was released.
Four BP readings for systolic (SBP) and diastolic BP (DBP) per se were

obtained by the physician from participants at least 8 years of age. Arm
circumference was measured if necessary, and the brachial and upper arm
pulses were identified before the readings were obtained. Each participant
was seated for a rest period of 5 min before having three consecutive BP
readings obtained from the right arm. In the case a BP reading was
interrupted, a fourth BP reading was obtained. The second, third, and
fourth measurements were averaged without using the first measurement.
If any of the data for these three measurements were missing, we
calculated the average after excluding them. However, if only the second
measurement was made (n= 2), we excluded them from the study.
Participants were excluded if the BP cuff did not fit or if they had any past
medical complications in their arms such as edema or lesions. For
participants 16 years of age and older, NHANES surveyed whether
participants were taking antihypertensive medication and those who
answered yes were removed from our analyses.
SBP and DBP percentiles (pcts) depending on age, sex, and height were

calculated based on the new Clinical Practice Guidelines published by the
American Academy of Pediatrics in 2017 using a macro package for R
provided by a Shiny server (https://apps.cpeg-gcep.net/BPz_cpeg/). This
algorithm does not classify BP pcts for missing heights or outlier heights-
for-age (e.g., Z <−3.09 or Z > 3.09). Each reading was categorized as
normal BP, elevated BP, and stage one or stage two of hypertension
(Table 1). These four categories were simplified to normal or high BP, with
high BP indicating any BP level classified as elevated, stage 1 hypertension,
or stage 2 hypertension. Participants who take antihypertensive medica-
tion were classified as having high BP.

Other measurements
Questionnaire data provided for the age, sex, race, and poverty level of the
participants. Race was categorized into either Mexican American, Non-
Hispanic White, Non-Hispanic Black, and other/multi. Poverty level was
categorized into either below poverty, at poverty, or above poverty based
on family monthly poverty level index categories. Families with a monthly
poverty level index ≤1.30 were categorized as below poverty. Families with
a monthly poverty level index between 1.30 and 1.85 were categorized as
at poverty, and those with a monthly poverty level index >1.85 were
categorized as above poverty. BMI was calculated by dividing one’s weight
in kilograms by his or her height in meters squared. Each individual’s BMI-
for-age Z was calculated from the Centers for Disease Control and
Prevention growth charts depending on their sex and age.
Serum levels of cotinine, one of the primary metabolites of nicotine to

indicate active smoking or second smoking exposure, were measured.
Blood was drawn from venipuncture and given up to 2 h to clot for
maximum serum yield. Cotinine levels in the serum were measured using
an isotope-dilution high-performance liquid chromatography/atmospheric
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pressure chemical ionization tandem mass spectrometric method using
the Shimadzu Nexera HPLC (Shimadzu, Kyoto, Japan) and AB Sciex API
6500 mass spectrometer (SCIEX, Framingham, MA). This basifies the sample
and extracts the analytes before the residue is injected onto a C18 HPLC
column. Cotinine measurements are indicated by the m/z 80 product ion
from the m/z 177 quasi-molecular ion.

Statistical analysis
All statistical analyses were performed using the SAS Software, version 9.4
(SAS Institute, Cary, NC). Survey commands accounted for the sampling
design provided by NHANES with a calculated 4-year sampling weight. A
linear regression analysis was used to determine the association between
fluoride levels in both water and in plasma and SBP and DBP
measurements. A logistic regression analysis was also used to evaluate
the relationship between fluoride levels and high BP. All regression
analyses were modeled in three separate ways. Significant characteristics
of the participants were selected as covariates due to their potential
influence on BP measurement data (Table 2). Model 1 adjusted for age and
sex. Model 2 adjusted for race and poverty in addition to age and sex,
while model 3 adjusted for BMI-for-age Z and serum levels of cotinine in
addition to those in model 2. Secondhand smoking was not adjusted for as
serum levels of cotinine are better predictors for tobacco use. The
statistical significance level was determined as α= 0.05.

RESULTS
In our study, the fluoride concentration in water ranged from 0.01
to 7.32 mg/L. Of a total of 9963 individuals in the NHANES
2013–2016, BP readings were recorded for 3894 children and
adolescents (weighted sample size= 89,868,407) with 483
(weighted prevalence= 10.5%) individuals of high BP (Table 2).
A total of 7.8% have elevated BP levels, 3.6% have stage one
hypertension and 0.4% have stage two hypertension. The medians
(95% confidence intervals [CIs]) for fluoride concentrations in
plasma and water were 0.33 (0.31–0.35) μmol/L and 0.49
(0.36–0.63) mg/L, respectively. Fluoride concentrations in plasma
were moderately correlated with those in water (Pearson
correlation: r= 0.39, p < 0.001).
There was a significant inverse relationship between SBP and

fluoride in the water among 12–18-year-olds after adjustments for
age and sex (B ± SE=−0.44 ± 0.21, p= 0.046) (Table 3). This
relationship remained significant following additional adjustments
for race and poverty (B ± SE=−0.62 ± 0.20, p= 0.004), as well as
in adjustments for serum levels of cotinine and BMI-for-age Z (B ±
SE=−0.70 ± 0.22, p= 0.0004). This result indicates that for a 10%
increase in fluoride concentrations in water, the difference in the
expected SBP was −0.44mm Hg [=−0.70 × ln(1+ 0.1)]. Although
there was an inverse relationship, no significant association was
determined between SBP and fluoride in the water among 8–11-
year-olds across all model adjustments. There were also no
significant associations between fluoride in plasma and both SBP
and DBP levels across both age groups. Additionally, the logistic
regression analysis indicated no significant association between
fluoride in plasma or water and odds of abnormal BP levels and
provided no evidence that fluoride exposure is able to predict
high BP as defined categorically (Table 4).

DISCUSSION
Our study reported an association between fluoride in water and
SBP among children and adolescents, suggesting that there is a

negative relationship between water fluoride levels and SBP. If a
child is exposed to fluoride concentrations in water of 2mg/L, that
child’s SBP would be expected to be as low as 3.23mm Hg [=
−0.70 × ln(1+ 100)] compared to a child exposed to concentrations
of 0.02mg/L (Table 3). All fluoride concentrations in this study were
under the USEPA maximum of 4mg/L. Among children and
teenagers within the United States, our study concludes a negative
association between fluoride concentration and SBP levels.
Hypertension is affected by a variety of factors including obesity,

diabetes, and dyslipidemia, which can enhance the increase in one’s
BP measurements. Studies on fluoride intake have indicated that the
accumulation of fluoride within the body can contribute to issues in
the cardiovascular system, which can potentially increase one’s risk
of heart disease.28 Additionally, obesity is a rising issue in modern
society that has reached epidemic proportions all around the world.
Obesity is a major concern especially among developing countries
and is often associated with high BP and diabetes. Hypothyroidism
has been found to be attributable to fluoride exposure due to
competitive binding with iodine and the obstruction of T3 and T4.

29

Additionally, a study in Mexico demonstrated that increased levels
of cardiometabolic risk factors were associated with higher levels of
fluoride exposure in Mexican females.30 However, there are very
limited epidemiological studies on the relationship between fluoride
and obesity and its potential influence on hypertension.31

Our study on the effect of fluoride on BP contrasts previous
studies that determined a positive association between the two. A
study in Iran declared a significant correlation between exposure
to excess fluoride in drinking water and the prevalence of
hypertension among individuals residing in those areas.19 A study
on Isparta, a city in Turkey, concluded similar results in finding
statistically significant positive correlations between mean con-
centrations of fluoride in groundwater and mean SBP measure-
ments.32 Additionally, a study in China determined that there
exists a relationship between excess fluoride intake and hyperten-
sion in adults, especially those residing in fluoride endemic
areas.33 However, these studies were more ecologically focused on
other global countries rather than studying the target population
of children and adolescents in the United States. This may indicate
a geographical discrepancy in hypertension that is not reliant on
fluoride concentration. Additionally, such previous studies lack the
use of individualized data. This serves as the primary reason as to
why the results of this study differ from those of previous studies.
Our original hypothesis predicted that there would be a positive

relationship between both consumption of fluoride in water and
fluoride levels in plasma, and high BP levels due to the
mechanisms supporting this statement. In a recent study
providing insight into mechanisms of action in animals, Oyagbemi
et al. concluded that there is a significant increase in SBP and DBP
following administration of fluoride due to an increase in
malondialdehyde, hydrogen peroxide, advanced oxidation protein
products, and protein carbonyl, which are all markers of oxidative
stress.34 Oxidative stress amplifies BP elevation when combined
with other factors that may contribute to hypertension. Oxidative
stress present in fluoride toxicity can make a significant
contribution to an increase in BP.35–37

One possible biological mechanism linking the relationship
between fluoride consumption and lower BP levels may be
through improvements in periodontal health as poor oral hygiene
has been found to be a contributing factor to increased BP.38

Table 1. The new Clinical Practice Guidelines published by the American Academy of Pediatrics in 2017.

Age Normal BP Elevated BP Stage 1 hypertension Stage 2 hypertension

<13 years <90th SBP/DBP
percentile

≥90th to <95th percentile or 120/80
mm Hg to <95th percentile
(whichever is lower)

≥95th percentile to <95th percentile
+ 12mm Hg or 130/80 to 139/89mm
Hg (whichever is lower)

>95th percentile+ 12mm Hg or
≥140/90mm Hg (whichever is lower)

≥13 years <120/<80mm Hg 120/<80 to 129/<80mm Hg 130/80 to 139/89mm Hg ≥140/90mm Hg
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Additionally, preliminary blood flow experiments indicate that
fluoride in the body decreases peripheral resistance and can
potentially lead to vasodilation, therefore lowering the BP.39

Reviewing the results of this study, it is also important to mention
concerns with low blood pressure levels. In a study conducted in
2011, diastolic blood pressure levels were found to be lower for
children with severe fluorosis.40 This is consistent with previously
held animal studies that found rats to be hypotensive when
exposed to high levels of fluorine.41 Risks associated with low
blood pressure may include depression, cardiovascular events,
and cognitive impairment.42–44

Future studies could expand on our results by focusing on a larger
study population and by gathering fluoride data on adults older

than 18. Geographical factors on a national and international scale
can also be taken into account with emphasis on fluoride endemic
neighborhoods, along with other possible confounding factors.
Comparison of data among individuals in different locations within
the United States could determine a trend geographically within the
country that could potentially affect the relationship between
fluoride and BP. Observations outside the United States could also
explain the difference between our country and other countries.
These advancements would allow there to be more solid evidence
portraying fluoride’s true effect on BP.
However, one of the most interesting points in our findings was

that SBP was significantly inversely associated with only fluoride in
water, not in plasma. While the relationship between fluoride
concentrations in drinking water was significantly correlated with
those in plasma, there are other important variables that impact
fluoride levels in plasma.45 Recently it has been noted that fluoride
ingestion may also come from other products, such as certain
foods as part of one’s diet, or the use of dentifrice. Findings have
indicated that young adults who are exposed to various sources of
fluoride have fluoride levels in plasma far below those necessary
to stimulate bone production. Alternatively, since fluoride
concentrations in plasma is a biomarker for short-term exposure,
it may not have been sufficient to be a biomarker for long-term
exposure to fluoride. Instead, tap water may be a better indicator
of long-term exposure to fluoride because it is one of the major
sources of exposure in everyday life.
This phenomenon might be due to the metabolism of fluoride

within the human body. After consumption, fluoride is primarily
absorbed in the gastrointestinal tract before being distributed into
the plasma, where the ions are bound to plasma protein.46

Because plasma fluoride levels are not homeostatically regulated,
this temporarily leads to a peak in plasma fluoride concentrations
before decreasing back to normal levels following excretion.47

Previous studies examining the relationship between dietary
fluoride intake and plasma fluoride concentrations have indicated
that the two are not directly related and plasma fluoride has
maintained levels far below abnormality.48 Additionally, studies
have indicated that consumption of fluoride in water as an
exposure assessment measure has been linked to oxidative stress
and lipid peroxidation, which can contribute to BP elevation.49

Additionally, absorption of fluoride in the body can cause an
increase in the requirement for specific nutrients, such as
magnesium.50 High fluoride concentrations interact with magne-
sium to form magnesium fluoride and can therefore cause a
magnesium deficiency due to the decrease in its absorption from
the intestine.51 This deficiency can be linked to experimental and
clinical hypertension as magnesium affects BP by modulating
vascular tone and reactivity as a calcium channel agonist.52

STRENGTHS AND LIMITATIONS
To our knowledge, this is the first study to be held that addresses
the relationship between the age of children and adolescents and
BP levels. Another strength of this report is the examination of a
nationally representative sample on an individualized level for
persons ranging from 8 to 18 years of age in the United States.
However, a few limitations were present in our study. First, the
fluoride data was specific only to a small portion of the
population. By focusing only on children and adolescents ranging
from 8-18 years, our study presents age-specific results and limits
the generalizability of our conclusions. Future studies could aim
on expanding the age range. Additionally, we were unable to
investigate different sources of drinking water consumed by the
study population, such as tap water or various bottled water
brands, which may have led to a few inconsistencies in our results.
Another limitation was that to examine the relationship between
fluoride exposure and BP we used fluoride concentrations in

Table 2. Characteristics of the study participants.

Characteristics Normal BP High BP p

n (weighted %) 3,352 (88.2) 483 (11.8)

Age, %

8–11 years 35.0 ± 0.9 34.9 ± 2.5 0.95

12–18 years 65.0 ± 0.9 65.1 ± 2.5

Sex, %

Boy 48.8 ± 1.0 63.6 ± 2.5 <0.001

Girl 51.2 ± 1.0 36.4 ± 2.5

Race, %

Mexican American 14.3 ± 2.2 18.0 ± 3.2 0.001

Non-
Hispanic white

55.4 ± 3.6 47.1 ± 4.5

Non-
Hispanic black

13.0 ± 1.7 16.9 ± 3.1

Other/multi 17.3 ± 1.3 18.0 ± 2.4

Poverty, %

Below poverty 33.9 ± 2.4 43.9 ± 2.9 <0.001

At poverty 14.0 ± 1.1 17.7 ± 2.0

Above poverty 52.1 ± 2.9 38.4 ± 3.1

Secondhand smoking, %

Yes 13.2 ± 1.7 15.7 ± 3.1 0.39

No 86.8 ± 1.7 84.3 ± 3.1

Diabetes, %

Yes 0.5 ± 0.2 0.5 ± 0.2 0.97

No 99.0 ± 0.2 99.0 ± 0.3

Borderline 0.5 ± 0.1 0.4 ± 0.3

Weight, kg 54.5 ± 0.6 66.7 ± 1.8 <0.001

Height, m 156.0 ± 0.4 158.0 ± 1.0 0.025

BMI-for-age Z 0.59 ± 0.04 1.28 ± 0.07 <0.001

BMI-for-age
percentile

66.0 ± 0.9 80.9 ± 1.6 <0.001

Cotinine in
serum, ng/mL

0.023
(0.018, 0.028)

0.042
(0.021, 0.063)

0.003

SBP, mm Hg 103.8 ± 0.3 121.4 ± 0.5 <0.001

DBP, mm Hg 55.8 ± 0.5 59.4 ± 1.0 <0.001

Fluoride in
plasma, umol/L

0.33 (0.31, 0.35) 0.34 (0.31, 0.37) 0.73

Fluoride in
water, mg/L

0.49 (0.35, 0.63) 0.51 (0.35, 0.68) 0.96

Data showing the mean ± SE, % ± SE, or median (95% confidence interval).
Fifty-nine participants (=3894− 3835) with no information or extreme
values on height were excluded from this analysis as it could not be
determined whether they had high BP.
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plasma, not in nails, hair, teeth, or bone which can be more
appropriate for chronic or sub-chronic exposure.53

CONCLUSION
In conclusion, this study portrayed a significant relationship
between SBP and consumption of fluoride in drinking water in
children and adolescents in the United States. There were no
statistically significant associations between SBP or DBP and
fluoride in plasma across all ages. Our study indicates that it is
significant to conduct further research detailing the effects of
fluoride consumption on one’s health.
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