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ABSTRACT
Background: Previous reviews of epidemiological studies, including a 2006 evaluation by the National
Research Council (NRC), found support for an association between consumption of high levels of
naturally occurring fluoride in drinking water and neurological effects in humans and recommended
further investigation (NRC 2006). Most of the evidence is from dental and skeletal fluorosis-endemic
regions that have higher levels of naturally occurring fluoride than the fluoride concentrations
historically added to water in community water fluoridation programs (0.7–1.2 ppm). NTP previously
published a systematic review of the evidence from experimental animal studies of the effects of
fluoride on learning and memory (NTP 2016). The systematic review found a low-to-moderate level of
evidence that learning and memory deficits occur in non-human mammals exposed to fluoride. Studies
in animals generally used fluoride drinking water concentrations that far exceeded the levels used in
water fluoridation, and the lack of studies at lower fluoride concentrations was identified as a data gap.
The evidence for effects on learning and memory was strongest (moderate) in animals exposed as
adults, and evidence was weaker (low) in animals exposed during development. Since the publication of
the NTP (2016) systematic review of the animal evidence, additional animal studies have been
published. This systematic review extends the scope of the 2016 review by including human
epidemiological studies, along with updated animal evidence and selected mechanistic information in
order to reach hazard identification conclusions for fluoride and neurodevelopmental and cognitive
effects.
Objective: To conduct a systematic review of the human, experimental animal, and mechanistic
literature to evaluate the evidence and develop hazard conclusions about whether fluoride exposure is
associated with neurodevelopmental and cognitive effects.
Method: A systematic review protocol was developed and utilized following the Office of Health
Assessment and Translation (OHAT) approach for conducting literature-based health assessments.
Results: The literature search and screening process identified 149 published human studies,
339 published experimental animal studies, and 60 in vitro/mechanistic studies relevant to the
objective. Eighty-two of the 149 human studies evaluated the association between fluoride exposure
and neurodevelopmental or cognitive effects, and the remaining human studies evaluated thyroid
effects or other potential mechanistic data. The majority of the experimental animal studies were
mechanistic studies, which were not assessed in the NTP (2016) report. Thirty-five new experimental
animal 1 studies evaluating effects on learning and memory and/or motor activity and sensory effects of
fluoride were identified since the NTP (2016) systematic review.
The human body of evidence provides a consistent pattern of findings that high fluoride exposure is
associated with decreased intelligence quotient (IQ) in children. There is a moderate level of evidence
from cognitive neurodevelopmental studies in children based on four prospective cohort studies and
nine cross-sectional studies that are considered functionally prospective in nature. Because the majority
of available studies evaluate cognitive neurodevelopmental effects in children, the focus of the hazard
conclusions is on cognitive neurodevelopmental effects. The evidence for cognitive effects in adults is
limited, coming from two cross-sectional studies, and is inadequate to evaluate whether fluoride
exposure in adults is associated with cognitive effects. The assessment of the new animal data focuses
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on evaluating a deficiency identified during the prior NTP (2016) review concerning the difficulty in
distinguishing potential effects of fluoride on motor and sensory functions from effects specifically on
learning and memory functions. Further examination of the animal data, including studies carried out at
the NTP, have further highlighted this deficiency in the animal studies. For this reason, the animal body
of evidence is now considered inadequate to inform conclusions on whether fluoride exposure is
associated with cognitive effects (including cognitive neurodevelopmental effects) in humans primarily
due to the inability to separate these effects from the other effects on the nervous system, including
motor activity or motor coordination. While the animal data provide evidence of effects of fluoride on
neurodevelopment, the human evidence base is primarily focused on cognitive neurodevelopmental
effects and is the focus of conclusions.
Conclusions: NTP concludes that fluoride is presumed to be a cognitive neurodevelopmental hazard to
humans. This conclusion is based on a consistent pattern of findings in human studies across several
different populations showing that higher fluoride exposure is associated with decreased IQ or other
cognitive impairments in children. However, the consistency is based primarily on higher levels of
fluoride exposure (i.e., >1.5 ppm in drinking water). When focusing on findings from studies with
exposures in ranges typically found in the United States (i.e., approximately 0.03 to 1.5 ppm in drinking
water, NHANES (Jain 2017)) that can be evaluated for dose response, effects on cognitive
neurodevelopment are inconsistent, and therefore unclear. There is inadequate evidence to determine
whether fluoride exposure lowers IQ or impairs cognitive function in adults. There are few human
studies available that provide data to evaluate whether fluoride exposure is associated with other
neurodevelopmental effects, beyond IQ or other cognitive measures. Although conclusions were
reached by integrating evidence from human and animal studies with consideration of relevant
mechanistic data, the conclusions are based primarily on the human evidence. The evidence from
animal studies is inadequate to inform conclusions on cognitive effects, and the mechanisms underlying
fluoride-associated cognitive neurodevelopmental effects are not well characterized.

2
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INTRODUCTION
The NTP’s Office of Health Assessment and Translation (OHAT) conducted a systematic review to
evaluate the evidence that exposure to fluoride is associated with neurodevelopmental or cognitive
effects. This review was initiated in response to a nomination from the Fluoride Action Network. There
are numerous human and animal studies reporting neurodevelopmental and cognitive health effects of
exposure to excess fluoride. As noted by the National Research Council (NRC) in their 2006 report,
although the studies lacked sufficient detail to fully assess their quality and relevance to the U.S.
populations, the consistency of the results suggesting that fluoride may be neurotoxic warrants
additional research (NRC 2006).
Fluoride salts are added to community water systems and dental products in the United States (e.g.,
toothpaste, mouth rinses, and supplements) for the prevention of dental caries. Approximately 67% of
the U.S. population receives fluoridated water through a community drinking water system (CDC 2013).
In other countries fluoride supplementation has been achieved by fluoridating food products such as
salt, or milk. Fluoride supplementation has been recommended to prevent bone fractures (Jones et al.
2005). Fluoride also can occur naturally in drinking water. Other sources of human exposure include
other foods and beverages, industrial emissions, pharmaceuticals, and pesticides (e.g., cryolite, sulfuryl
fluoride). Soil ingestion is another source of fluoride exposure in young children (US EPA 2010).
The U.S. Public Health Service (PHS) first recommended communities add fluoride to drinking water in
1962. PHS guidance is advisory, not regulatory, which means that while PHS recommends community
water fluoridation as a public health intervention, the decision to fluoridate water systems is made by
state and local governments. 2 For community water systems that add fluoride, PHS now recommends a
fluoride concentration of 0.7 milligrams/liter (mg/L). Under the Safe Drinking Water Act, the U.S.
Environmental Protection Agency (EPA) sets maximum exposure level standards for drinking water
quality. The current enforceable drinking water standard for fluoride, or the maximum contaminant
level goal (MCLG, a concentration at which no adverse health effects are expected), is 4.0 mg/L. This is
the maximum amount of fluoride contamination (naturally occurring not from water fluoridation) that is
allowed in water from public water systems; it is set to protect against increased risk of skeletal
fluorosis, a condition characterized by pain and tenderness of the major joints. EPA also has a nonenforceable secondary drinking water standard of 2.0 mg/L, which is recommended to protect children
against the tooth discoloration and/or pitting that can be caused by severe dental fluorosis during the
formative period prior to eruption of the teeth. Although the secondary standard is not enforceable,
EPA does require that public water systems notify the public if the average levels exceed it (NRC 2006).
Controversy over community water fluoridation stems from concerns about the potential harmful
effects of fluoride and the ethics of water fluoridation. Commonly cited health concerns related to
fluoride are bone fractures and skeletal fluorosis, decreased intelligence quotient (IQ) and other
neurological effects, cancer, and endocrine disruption. Effects on neurological function, endocrine
function (e.g., thyroid, parathyroid, pineal), metabolic function (e.g., glucose metabolism), and
carcinogenicity were assessed in the 2006 NRC report Fluoride in Drinking Water: A Scientific Review of
EPA’s Standards (NRC 2006). The NRC review considered adverse effects of water fluoride, focusing on a
range of concentrations (2–4 mg/L) above the current 0.7-mg/L recommendation for community water

For many years, most fluoridated community water systems used fluoride concentrations ranging from 0.8 to
1.2 mg/L (US DHHS 2015)
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fluoridation (NRC 2006). The NRC report concluded that the current MCLG should be lowered to protect
against severe enamel fluorosis and to reduce the risk of bone fractures associated with skeletal
fluorosis (NRC 2006). Other than severe fluorosis, the NRC did not find sufficient evidence of negative
health effects at fluoride levels below 4.0 mg/L; however, the NRC concluded that the consistency of the
results of IQ deficits in children exposed to fluoride at 2.5 to 4 mg/L in drinking water from a few
epidemiological studies of Chinese populations appeared significant enough to warrant additional
research on the effects of fluoride on intelligence. The conclusions from the NRC review were the
primary source of information for the potential hazard summary in a 2015 report by the U.S.
Department of Health and Human Services (DHHS), Federal Panel on Community Water Fluoridation.
The NRC report noted several challenges to evaluating the literature, citing deficiencies in reporting
quality, lack of consideration of all sources of fluoride exposure, incomplete consideration of potential
confounding, selection of inappropriate control subject populations in epidemiological studies, absence
of demonstrated clinical significance of reported endocrine effects, and incomplete understanding of
the biological relationship between histological, biochemical, and molecular alterations with behavioral
effects (NRC 2006).
In 2016, NTP conducted a systematic review of the evidence from experimental animal studies on the
potential effects of fluoride exposure on learning and memory (NTP 2016). The NTP (2016) systematic
review found a low-to-moderate level of evidence that learning and memory deficits occur in
experimental animals exposed to fluoride. Based on the findings in NTP (2016), NTP decided to conduct
additional animal studies before carrying out a full systematic review to incorporate human, animal, and
potentially relevant mechanistic evidence in order to reach hazard identification conclusions for fluoride
and learning and memory effects. As the NTP (2016) report focused on learning and memory and
developed confidence ratings for bodies of evidence by life stage of exposure (i.e., exposure during
development or adulthood), this report also evaluates two different age groups (i.e., children and
adults) with a focus on cognitive neurodevelopmental effects in children and cognitive effects in adults
in order to address potential differences in the health impact based on timeframe of exposure (i.e.,
during development or during adulthood). This evaluation has been conducted separately from the 2016
assessment, but like the 2016 assessment, it has assessed mainly learning and memory effects in
experimental animal studies to support the assessment of cognitive neurodevelopmental effects in
children and cognitive effects in adults.

OBJECTIVE AND SPECIFIC AIMS
Objective
The overall objective of this evaluation is to undertake a systematic review to develop NTP hazard
identification conclusions on the association between exposure to fluoride and neurodevelopmental and
cognitive effects based on integrating levels of evidence from human and non-human animal studies
with consideration of the degree of support from mechanistic data.

Specific Aims
•

Identify literature that assessed neurodevelopmental and cognitive health effects, especially
outcomes related to learning, memory, and intelligence, following exposure to fluoride in
human, animal, and relevant in vitro/mechanistic studies.

•

Extract data on potential neurodevelopmental and cognitive health effects from relevant
studies.
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•

Assess the internal validity (risk of bias) of individual studies using pre-defined criteria.

•

Assess effects on thyroid function to help evaluate potential mechanisms of impaired neurological
function.

•

Summarize the extent and types of health effects evidence available.

•

Describe limitations of the systematic review, limitations of the evidence base, identify areas of
uncertainty, as well as data gaps and research needs for neurodevelopmental and cognitive health
effects of fluoride.

Dependent on the extent and nature of the available evidence:
•

Synthesize the evidence using a narrative approach or meta-analysis (if appropriate) considering
limitations on data integration such as study design heterogeneity.

•

Rate confidence in the body of evidence for human and animal studies separately according to
one of four statements: High, Moderate, Low, or Very Low/No Evidence Available.

•

Translate confidence ratings into level of evidence of health effects for human and animal studies
separately according to one of four statements: High, Moderate, Low, or Inadequate.

•

Combine the level of evidence ratings for human and animal data to reach one of five possible
hazard identification conclusions: Known, Presumed, Suspected, Not classifiable, or Not
identified to be a hazard to humans.

METHODS
Problem Formulation and Protocol Development
The research question and specific aims stated above were developed and refined through a series of
problem formulation steps including: (1) nomination received from the public in June 2015 to conduct
analyses of fluoride and developmental neurobehavioral toxicity; (2) analysis of the amount of evidence
available and the merit of pursuing systematic reviews, given factors such as the extent of new research
published since previous evaluations and whether these new reports address or correct the deficiencies
noted in the literature (NRC 2006, OEHHA 2011, SCHER 2011); (3) comments on the draft PECO
statement from the NTP Board of Scientific Counselors during its December 1–2, 2015 meeting; and (4)
review of the draft protocol by technical advisors. NTP published a systematic review of the animal
evidence on the effects of fluoride on learning and memory (NTP 2016). NTP has conducted additional
studies in animals to assess the effect of fluoride exposure on learning and memory. The results from
this experimental animal work were published (McPherson et al. 2018) and are incorporated into the
current review, which considers the epidemiological, animal, and mechanistic evidence in its
conclusions. The protocol for the systematic review was posted in June 2017
(https://ntp.niehs.nih.gov/go/785076) and used to conduct this review. A brief summary of the methods
is presented below.

PECO Statements
PECO (Population, Exposure, Comparators and Outcomes) statements were developed as an aid to
identify search terms and inclusion/exclusion criteria as appropriate for addressing the overall research
question (effects on neurodevelopmental or cognitive function and thyroid associated with fluoride
exposure) for the systematic review (Higgins and Green 2011).The PECO statements are listed below for
human, animal, and in vitro/mechanistic studies (see Table 1, Table 2, and Table 3).
5
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Using the PECO statements, the evaluation searched for evidence of neurodevelopmental or cognitive
function, and thyroid effects associated with fluoride exposure from human studies, controlled exposure
animal studies, and mechanistic/in vitro studies. Mechanistic data can come from a wide variety of
studies that are not intended to identify a disease phenotype. This source of experimental data includes
in vitro and in vivo laboratory studies directed at cellular, biochemical, and molecular mechanisms that
attempt to explain how a substance produces particular adverse health effects. The mechanistic data
were first organized by general categories (e.g., biochemical effects in the brain and neurons,
neurotransmitters, oxidative stress, etc.) to evaluate the information available. Categories focused on
were those with more robust data at levels of fluoride more relevant to human exposure. The intent
was not to develop a mechanism for fluoride induction of learning and memory effects, but to evaluate
if there is biological plausibility for the effects observed in the low-dose region (below approximate
drinking water equivalent concentrations of 20 ppm) that may support the hazard conclusion.
Table 1. Human PECO (Population, Exposure, Comparator and Outcome) Statement
PECO Element
Population

Exposure

Evidence
Humans without restriction as to age or sex, geographic location, or life stage at
exposure or outcome assessment
Exposure to fluoride based on administered dose or concentration, biomonitoring
data (e.g., urine, blood, other specimens), environmental measures (e.g., air, water
levels), or job title or residence. Relevant forms are those used as additives for
water fluoridation:
• Fluorosilicic acid (also called hydrofluorosilicate; CASRN 16961-83-4)
• Sodium hexafluorosilicate (also called disodium hexafluorosilicate or
sodium fluorosilicate; CASRN 16893-85-9)
• Sodium fluoride (CASRN 7681-49-4)
• Other forms of fluoride that readily dissociate into free fluoride ions (e.g.,
potassium fluoride, calcium fluoride, ammonium fluoride)

Comparators

Comparable populations not exposed to fluoride or exposed to lower levels of
fluoride (e.g., exposure below detection levels)

Outcomes

Neurodevelopmental outcomes including learning, memory, intelligence, other
forms of cognitive behavior, other neurological outcomes (e.g., anxiety, aggression,
motor activity), and biochemical changes in the brain or nervous system tissue; or
measures of thyroid function, biochemical changes, or thyroid tissue
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Table 2. Animal PECO Statement
PECO Element

Evidence

Population

Non-human mammalian animal species (whole organism)
Exposure to fluoride based on administered dose or concentration, and
biomonitoring data (e.g., urine, blood, other specimens). Relevant forms are those
used as additives for water fluoridation:
• Fluorosilicic acid (also called hydrofluorosilicate; CASRN 16961-83-4)
• Sodium hexafluorosilicate (also called disodium hexafluorosilicate or
sodium fluorosilicate; CASRN 16893-85-9)
• Sodium fluoride (CASRN 7681-49-4)
• Other forms of fluoride that readily dissociate into free fluoride ions (e.g.,
potassium fluoride, calcium fluoride, ammonium fluoride)

Exposure

Comparators

Comparable animals that were untreated or exposed to vehicle-only treatment

Outcomes

Neurodevelopmental outcomes including learning, memory, intelligence, other
forms of cognitive behavior, other neurological outcomes (e.g., anxiety, aggression,
motor activity), and biochemical changes in the brain or nervous system tissue; or
measures of thyroid function, biochemical changes, or thyroid tissue

Table 3. In Vitro/Mechanistic PECO Statement
PECO Element

Evidence

Population

Human or animal cells, tissues or biochemical reactions (e.g., ligand binding assays)
Exposure to fluoride based on administered dose or concentration. Relevant forms
are those used as additives for water fluoridation:
• Fluorosilicic acid (also called hydrofluorosilicate; CASRN 16961-83-4)
• Sodium hexafluorosilicate (also called disodium hexafluorosilicate or
sodium fluorosilicate; CASRN 16893-85-9)
• Sodium fluoride (CASRN 7681-49-4)
• Other forms of fluoride that readily dissociate into free fluoride ions (e.g.,
potassium fluoride, calcium fluoride, ammonium fluoride)

Exposure

Comparators

Comparable cells or tissues that were untreated or exposed to vehicle-only
treatment

Outcomes

Endpoints related to neurological and thyroid function, including neuronal
electrophysiology; mRNA, gene, or protein expression; cell proliferation or death in
brain or thyroid tissue/cells; neuronal signaling; synaptogenesis, etc.

Literature Search
Search terms were developed to identify all relevant published evidence on developmental
neurobehavioral toxicity or thyroid-related health effects potentially associated with exposure to
fluoride by reviewing Medical Subject Headings for relevant and appropriate neurobehavioral and
thyroid-related terms, and by extracting key neurological and thyroid-related health effects and
developmental neurobehavioral terminology from reviews and a sample of relevant primary data
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studies. A combination of relevant subject headings and keywords were subsequently identified. A test
set of relevant studies was used to ensure the search terms retrieve 100% of the test set. The following
six electronic databases were searched using a search strategy tailored for each database (specific
search terms used for the PubMed search are presented in Appendix 1; the search strategy for other
databases are available in the protocol (https://ntp.niehs.nih.gov/go/785076). No language restrictions
or publication year limits were imposed, and databases were searched in December 2016. The search
was updated during the review process through April 1, 2019, and these publications are categorized as
“references identified through database searches” in Figure 4. To complete evaluations, there must be a
cutoff date on new studies while balancing consideration of new information. Therefore, databases
were searched and screened manually up to release dates of draft documents (August 20, 2019 for this
document). If studies were identified that might impact conclusions, they were considered under
“references identified through other sources” in Figure 4. Literature searches for this systematic review
were conducted independent of the literature search conducted for the NTP (2016) report using a
similar strategy. As relevant animal studies published prior to 2015 were identified in the NTP (2016)
assessment, the focus of the literature searches for this systematic review was to identify relevant
animal studies that were published since completion of the literature searches for the NTP (2016)
assessment.

Databases Searched
•
•
•
•
•
•

BIOSIS (Thomson Reuters)
EMBASE
PsycINFO (APA PsycNet)
PubMed (NLM)
Scopus (Elsevier)
Web of Science (Thomson Reuters, Web of Science indexes the journal Fluoride)

Searching Other Resources

The reference lists of all included studies; relevant reviews, editorials and commentaries; and the
Fluoride Action Network website (http://fluoridealert.org/) were manually searched for additional
relevant publications.

Unpublished Data

Unpublished data were eligible for inclusion provided the owner of the data was willing to have the data
made public and peer reviewed (see protocol for more details https://ntp.niehs.nih.gov/go/785076). No
unpublished data were identified during the literature search.

Study Selection
Evidence Selection Criteria

In order to be eligible for inclusion, studies had to satisfy eligibility criteria that reflect the PECO
statement in Table 1, Table 2, and Table 3. The following additional exclusion criteria were applied:
(1)

Case studies and case reports.

(2)

Articles without original data (e.g., reviews, editorials, or commentaries). Reference lists from
these materials, however, were reviewed to identify potentially relevant studies not identified
from the database searches. These studies were assessed for eligibility for inclusion.

(3)

Conference abstracts or reports.
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Screening Process

References retrieved from the literature search were screened for relevance and eligibility against the
evidence selection criteria using a structured form in SWIFT-Active Screener, a machine-learning
software program used to priority-rank studies for screening. SWIFT-Active Screener employs active
learning to incorporate user feedback during the screening process to refine a statistical model that
continually ranks the remaining studies according to their likelihood for inclusion. In addition, the
software includes a statistical algorithm to estimate predicted recall (percent of truly relevant studies
identified) while users work, thus providing a statistical basis for a decision about when to stop
screening (Miller et al. 2016). The title and abstract screen was stopped once the statistical algorithm in
SWIFT-Active Screener estimated ≥98% predicted recall. References were independently screened by
two trained screeners at the title and abstract level to determine whether a reference met the evidence
selection criteria. For citations with no abstract or non-English abstracts, articles were screened based
on title relevance (title would need to indicate clear relevance); number of pages (articles ≤2 pages long
were assumed to be conference reports, editorials, or letters unlikely to contain original data); and/or
PubMed Medical Subject Headings (MeSH).
Studies that were not excluded during the title and abstract screening were further screened for
inclusion with a full-text review by two independent reviewers using DistillerSR® by Evidence Partners, a
web-based, systematic-review software program with structured forms and procedures to ensure
standardization of the process. Screening conflicts were resolved through discussion and consultation
with technical advisor(s), if necessary. During full-text review, studies that were considered relevant
were tagged to the appropriate evidence streams (i.e., human, animal, and/or in vitro). Studies tagged
to human or animal evidence streams were also categorized by outcome as primary
neurodevelopmental or cognitive outcomes (learning, memory, and intelligence); secondary
neurobehavioral outcomes (anxiety, aggression, motor activity, or biochemical); or related to thyroid
effects. In vitro data were tagged as being related to neurological effects or thyroid effects. Translation
assistance was sought to assess the relevance of non-English studies. Following full-text review, the
remaining studies were “included” and used for the evaluation.

Data Extraction
Data were collected (i.e., extracted) from included studies by one member of the evaluation team and
checked by a second member of the team for completeness and accuracy. Any discrepancies in data
extraction were resolved by discussion or consultation with a third member of the evaluation team.
Data extraction was completed using the Health Assessment Workspace Collaborative (HAWC), an open
source and freely available web-based interface application. 3 Data extraction elements are listed
separately for human, animal, and in vitro studies in the protocol (https://ntp.niehs.nih.gov/go/785076).
Data for primary and secondary outcomes as well as thyroid hormone level data were extracted from
human studies. Studies evaluating only goiters or thyroid size were not extracted. All primary outcomes
and functional neurological secondary outcomes (e.g., motor activity) were extracted from animal
studies identified since the NTP (2016) report. For animal mechanistic data, studies were tiered based
on exposure dose (with preference given to fluoride drinking water equivalent exposures, which were
calculated using the method described in the NTP (2016) report) of 20 ppm or less as deemed most

HAWC (Health Assessment Workspace Collaborative): A Modular Web-based Interface to Facilitate Development
of Human Health Assessments of Chemicals (https://hawcproject.org/portal/).
3
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relevant to exposures in humans), exposure duration or relevant time window (i.e., developmental),
exposure route (with preference given to oral exposures over injection exposures), and commonality of
mechanism (e.g., inflammation, oxidative stress, changes in neurotransmitters, and histopathological
changes were considered pockets of mechanistic data). Data were not extracted from in vitro studies;
however, these studies were evaluated and summarized for biological plausibility of the human and
animal results. Thyroid data were also reviewed but not extracted. The data extraction results for
included studies are publicly available and can be downloaded in Excel format through HAWC
(https://hawcproject.org/assessment/405/). Methods for transforming and standardizing dose levels
and results from behavioral tests in experimental animals are detailed in the protocol
(https://ntp.niehs.nih.gov/go/785076).

Quality Assessment of Individual Studies
Risk of bias was assessed for individual studies using a tool developed by OHAT that outlines a parallel
approach to evaluating risk of bias from human, animal, and mechanistic studies to facilitate
consideration of risk of bias across evidence streams with common terms and categories. The risk-ofbias tool is comprised of a common set of 11 questions that are answered based on the specific details
of individual studies to develop risk-of-bias ratings for each question. Study design determines the
subset of questions used to assess risk of bias for an individual study (see Table 4).
Assessors were trained with an initial pilot phase undertaken to improve clarity of rating criteria and to
improve consistency among assessors. Studies were independently evaluated by two trained assessors
who answered all applicable risk-of-bias questions with one of four options in Table 5 following prespecified criteria detailed in the protocol (https://ntp.niehs.nih.gov/go/785076). The criteria describe
aspects of study design, conduct, and reporting required to reach risk-of-bias ratings for each question
and specify factors that can distinguish among ratings (e.g., what separates “definitely low” from
“probably low” risk of bias).

Key Risk-of-bias Questions

In the OHAT approach, some risk-of-bias questions or elements are considered potentially more
important when assessing studies because there is more empirical evidence that these areas of bias
have a greater impact on estimates of the effect size or because these issues are generally considered to
have a greater effect on the credibility of study results in environmental health studies (Rooney et al.
2016). There were three Key Questions for observational human studies: confounding, exposure
characterization, and outcome assessment. There were also three Key Questions for experimental
animal studies: randomization, exposure characterization, and outcome assessment. In addition, for
animal developmental studies, failure to consider the litter as the unit of analysis was also a key risk-ofbias concern. When there was not enough information to assess the potential bias for a risk-of-bias
question and authors did not respond to an inquiry for further information, a conservative approach was
followed, and the studies were rated probably high risk of bias for that question.
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X
X
X
X
X
X

Case Series

X
X
X
X
X
X
X

Cross-Sectional***

X
X

Case-Control

X
X

Cohort

1. Was administered dose or exposure level adequately randomized?
2. Was allocation to study groups adequately concealed?
3. Did selection of study participants result in the appropriate comparison groups?
4. Did study design or analysis account for important confounding and modifying variables?
5. Were experimental conditions identical across study groups?
6. Were research personnel blinded to the study group during the study?
7. Were outcome data complete without attrition or exclusion from analysis?
8. Can we be confident in the exposure characterization?
9. Can we be confident in the outcome assessment (including blinding of outcome assessors)?
10. Were all measured outcomes reported?
11. Were there no other potential threats to internal validity?

Human Controlled Trials**

Risk-of-bias Questions

Experimental Animal*

Table 4. OHAT Risk-of-bias Questions and Applicability by Study Design

X
X

X
X

X
X

X

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X

X
X
X
X

Experimental animal studies are controlled exposure studies. Non-human animal observational studies can be evaluated using the design features of
observational human studies such as cross-sectional study design.
**
Human Controlled Trials are studies in humans with controlled exposure (e.g., Randomized Controlled Trials, non-randomized experimental studies)
***
Cross-sectional studies include population surveys with individual data (e.g., NHANES) and surveys with aggregate data (i.e., ecological studies).
*
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Any discrepancies in ratings between assessors were resolved by a senior technical specialist and
through discussion when necessary to reach the final recorded risk-of-bias rating for each question
along with a statement of the basis for that rating. Members of the evaluation team were consulted for
assistance if additional expertise was necessary to reach final risk-of-bias ratings based on specific
aspects of study design or performance reported for individual studies. Study procedures that were not
reported were assumed not to have been conducted, resulting in an assessment of “probably high” risk
of bias. Authors were queried by email to obtain missing information and responses received were used
to update risk-of-bias ratings.
Table 5. The Four Risk-of-bias Rating Options
Answers to the risk-of-bias questions result in one of the following four risk-of-bias ratings
++

Definitely Low risk of bias:
There is direct evidence of low risk-of-bias practices

+

Probably Low risk of bias:
There is indirect evidence of low risk-of-bias practices OR it is deemed that deviations
from low risk-of-bias practices for these criteria during the study would not appreciably
bias results, including consideration of direction and magnitude of bias

−

−−

NR

Probably High risk of bias:
There is indirect evidence of high risk-of-bias practices (indicated with “-“) OR there is
insufficient information provided about relevant risk-of-bias practices (indicated with
“NR” for not reported). Both symbols indicate probably high risk of bias.
Definitely High risk of bias:
There is direct evidence of high risk-of-bias practices

Organizing and Rating Confidence in Bodies of Evidence
Health Outcome Categories for Neurodevelopmental and Cognitive Effects

After data were extracted from all studies, the health effects results within the category of
neurodevelopmental or cognitive effects were grouped across studies to develop bodies of evidence or
collections of studies with data on the same or related outcomes. The vast majority of the human
studies evaluated intelligence quotient (IQ) in children as the single outcome; therefore, the discussion
of cognitive neurodevelopmental effects in children focuses on IQ studies with supporting information
from data on other endpoints. Cognitive function in adults was evaluated separately. Consistent with
the NTP (2016) assessment, the primary focus within the animal study body of evidence was on animal
studies with endpoints related to learning and memory.

Considerations for Pursuing a Narrative or Quantitative Evidence Synthesis
Heterogeneity within the available evidence was used to determine which type of evidence integration
was appropriate—a quantitative synthesis (meta-analysis) or narrative approach for evidence
integration. Choi et al. (2012) conducted a meta-analysis and found that high fluoride exposure was
associated with a decrease in IQ. Choi et al. (2012) was able to determine a risk ratio for living in an
endemic fluorosis area but was unable to develop a dose-response relationship. The study authors
suggested that future research should include more precise individual-level exposures, including
prenatal exposures, and should better address potential confounders. Although there have been a
number of studies published since the Choi et al. (2012) meta-analysis, few studies have addressed the
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issues identified by Choi et al. (2012). The majority of the available studies compare populations with
high fluoride exposure to those with lower fluoride exposure (many times in the range of drinking water
fluoridation in the United States). After evaluating the available data, NTP determined that a narrative
review—not a meta-analysis or other quantitative assessment—was appropriate for evidence
integration due to heterogeneity in dose among the available human evidence, and because a hazard
conclusion could be reached without conducting a meta-analysis.

Confidence Rating: Assessment of Body of Evidence
The quality of evidence for neurodevelopmental and cognitive function outcomes was evaluated using
the GRADE system for rating the confidence in the body of evidence (Guyatt et al. 2011, Rooney et al.
2014). More detailed guidance on reaching confidence ratings in the body of evidence as “high,”
“moderate,” “low,” or “very low” is provided in the OHAT Handbook for Conducting a Literature-Based
Health Assessment (http://ntp.niehs.nih.gov/go/38673, see STEP 5). In brief, available human and
animal studies on a particular health outcome were initially grouped by key study design features, and
each grouping of studies was given an initial confidence rating by those features. Starting at this initial
rating (see column 1 of Figure 1), potential downgrading of the confidence rating was considered for
factors that decrease confidence in the results (see column 2 of Figure 1 [risk of bias, unexplained
inconsistency, indirectness or lack of applicability, imprecision, and publication bias]); and potential
upgrading of the confidence rating was considered for factors that increase confidence in the results
(see column 3 of Figure 1 [large magnitude of effect, dose response, consistency across study
designs/populations/animal models or species, consideration of residual confounding, and other factors
that increase our confidence in the association or effect]). Consideration of consistency across study
designs, human populations, or animal species is not included in the GRADE guidance (Guyatt et al.
2011); however, it is considered in the modified version of GRADE used by OHAT (Rooney et al. 2014,
NTP 2015).
Figure 1. Assessing Confidence in the Body of Evidence
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Confidence ratings were assessed by the evaluation team for accuracy and consistency, and
discrepancies were resolved by consensus and consultation with technical advisors as needed.
Confidence ratings for the primary outcomes are summarized in evidence profile tables for each
outcome.

Preparation of Level of Evidence Conclusions
The confidence ratings were translated into level of evidence of health effects for each type of health
outcome separately according to one of four statements: (1) High, (2) Moderate, (3) Low, or
(4) Inadequate (see Figure 2). The descriptor “evidence of no health effect” is used to indicate
confidence that the substance is not associated with a health effect. Because of the inherent difficulty in
proving a negative, the conclusion “evidence of no health effect" is only reached when there is high
confidence in the body of evidence.
Figure 2. Translate Confidence Ratings into Evidence of Health Effect Conclusions
Bodies of Evidence that Support a Health Effect are Considered Separately from Evidence that Does Not

Evidence Descriptors
High Level of Evidence
Moderate Level of Evidence
Low Level of Evidence
Inadequate Evidence
Evidence of No Health Effect

Definition
There is high confidence in the body of evidence for an association
between exposure to fluoride and the health outcome(s).
There is moderate confidence in the body of evidence for an association
between exposure to fluoride and the health outcome(s).
There is low confidence in the body of evidence for an association
between exposure to fluoride and the health outcome(s), or no data are
available.
There is insufficient evidence available to assess if exposure to fluoride is
associated with the health outcome(s).
There is high confidence in the body of evidence that exposure to fluoride
is not associated with the health outcome(s).

Integrate Evidence to Develop Hazard Identification Conclusions
Finally, the levels of evidence ratings for human and animal data were integrated with consideration of
in vitro/mechanistic data to reach one of five possible hazard identification categories: (1) Known,
(2) Presumed, (3) Suspected, (4) Not classifiable, or (5) Not identified to be a neurodevelopmental
hazard to humans (see Figure 3).
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Consideration of Human and Animal Data

Initial hazard identification conclusions were attempted by integrating the highest level-of-evidence
conclusion for neurodevelopmental effects in children and cognitive effects in adults for the human and
the animal evidence streams. The level-of-evidence conclusion for human data for neurodevelopmental
or cognitive effects were considered with the level of evidence for non-human animal data to reach one
of four initial hazard identification conclusions: Known, Presumed, Suspected, or Not classifiable. When
either the human or animal evidence stream was characterized as “Inadequate Evidence,” then
conclusions were based on the remaining evidence stream alone (which is equivalent to treating the
missing evidence stream as “Low” in Figure 3). If a moderate level-of-evidence conclusion for human
data was reached with “Inadequate or Low Evidence” for the animal evidence stream, a hazard
identification conclusion of either “suspected to be a hazard to humans” or “presumed to be a hazard to
humans” could be reached based on scientific judgement as to the robustness of the body of evidence
that supports moderate confidence in the human data and consideration of the potential impact of
additional studies (NTP 2019).
Figure 3. Hazard Identification Scheme for Neurodevelopmental or Cognitive Effects

Consideration of Mechanistic Data

There is no requirement to consider mechanistic or mode-of-action data to reach a hazard identification
conclusion regarding neurodevelopmental or cognitive health effects. However, when available, this and
other relevant supporting types of evidence may be used to raise (or lower) the category of the hazard
identification conclusion. Mechanistic data can come from a wide variety of studies that are not
intended to identify a disease phenotype. This source of experimental data includes in vitro and in vivo
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laboratory studies directed at cellular, biochemical, genetic, and molecular mechanisms that attempt to
explain how a chemical produces particular adverse effects.
For the evaluation of toxicity associated with fluoride exposure, NTP was interested in mechanistic or in
vitro measures that may support the biological plausibility of corresponding neurological outcomes
reported from in vivo studies in animals or humans. The PECO statement in Table 3 provides the specific
endpoints considered including neuronal electrophysiology; mRNA, gene, or protein expression; cell
proliferation or death in brain or thyroid tissue/cells; neuronal signaling; or synaptogenesis. In general,
the mechanisms for fluoride-associated neurodevelopmental or cognitive effects are not well
understood at this time. Mechanistic data from in vivo studies were used when feasible to examine the
biological plausibility of the primary health outcomes considered in developing a hazard conclusion.
The factors outlined for increasing or decreasing confidence that the mechanistic data support biological
plausibility are conceptually similar to those used to rate confidence in bodies of evidence for human or
animal in vivo studies are listed below and described in depth in the protocol
(https://ntp.niehs.nih.gov/go/785076). Four factors were considered that contribute to increased
confidence: potency, dose-response, consistency in terms of cellular events observed at the same or
lower doses than in vivo health effects, and consistency across cellular targets on the same functional
pathway. Three factors were considered that contribute to decreased confidence: unexplained
inconsistency across studies of the same endpoint, indirectness/applicability of the pathway for human
health or concentrations for human exposure, and publication bias. Evaluations of the strength of
evidence provided by mechanistic data were made on an outcome-specific basis based on discussion by
the evaluation team and consultation with technical advisors as needed.
•

•

If mechanistic data provided strong support for biological plausibility of the relationship
between exposure and the health effect, the hazard identification conclusion may be
upgraded (indicated by black “up” arrows in Figure 3) from that initially derived by considering
the human and non-human animal evidence together.
If mechanistic data provided strong opposition for biological plausibility of the relationship
between exposure and the health effect, the hazard identification conclusion may be
downgraded (indicated by gray “down” arrows in Figure 3) from that initially derived by
considering the human and non-human animal evidence together.

Although it is envisioned that strong evidence for a relevant neurological effect from mechanistic data
alone could indicate a potential that the substance is a neurodevelopmental hazard to humans, for this
evaluation the mechanistic data were only considered to inform the biological plausibility of observed
outcomes from in vivo exposure studies in humans or animals because of a general lack of
understanding of the mechanistic basis for neurological outcomes.
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RESULTS AND EVIDENCE SYNTHESIS
Literature Search Results
The electronic database searches (final updated search conducted on April 1, 2019 with manual
searches conducted through August 20, 2019) retrieved 23,467 unique references, and 30 additional
references were identified by technical advisors or from reviewing reference lists in published reviews
and included studies. Approximately 44% of the studies were manually screened in duplicate at the title
and abstract level to reach an estimated ≥98% predicted recall using the statistical algorithm in SWIFTActive Screener. Eight hundred and seven references were moved to full-text review, 9,667 were
excluded during manual screening for not satisfying the PECO criteria, and an additional 13,023 were not
screened and excluded based on the SWIFT algorithm. In addition, 278 references were excluded during
the full-text review for not satisfying the PECO criteria. These screening results are outlined in a study
selection diagram with reasons for exclusion documented at the full text review stage (see Figure 4)
[using reporting practices outlined in Moher et al. (2009)]. After full-text review, 529 studies were
considered relevant with primary neurological outcomes, secondary neurological outcomes, and/or
outcomes related to thyroid function (see Appendix 2). A few studies assessed data for more than one
evidence stream (human, non-human mammal, and/or in vitro), and several human and animal studies
assessed more than one type of outcome (e.g., primary and secondary outcomes). The number of
included studies is summarized below.
•
•
•

149 human studies (68 primary only, 13 secondary only, 5 primary and secondary, 6 primary
and thyroid, 2 secondary and thyroid, and 55 thyroid only);
339 non-human mammal studies (7 primary only; 187 secondary only; 66 primary and
secondary; 6 primary, secondary, and thyroid; 4 secondary and thyroid; and 69 thyroid only);
and
60 in vitro/mechanistic studies (48 neurological and 12 thyroid).

One publication contained human, experimental non-human mammal, and in vitro data. Three
publications contained both human and experimental non-human mammal data. Fourteen publications
contained data relevant to both experimental non-human mammal studies and in vitro studies.
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References identified
through other sources
(n = 30)

References identified
through database searches
(n = 36,891)

References after duplicate removal
Title-abstract screened for
relevance and eligibility
(n = 23,467)

Screened

Identified

Figure 4. Study Selection Diagram

Full-text references assessed for relevance and eligibility
(n = 807)

References included for data extraction, risk-of-bias assessment
(n = 529)

References excluded for preestablished criteria (n = 9,667)
References excluded based on
SWIFT algorithm (n = 13,023)

Full-text references excluded for
pre-established criteria, with reasons*

•
•
•
•
•

Included

•
•
Human studies
(n = 149)**

Non-human
mammal studies
(n = 339)**

Population not relevant (n = 5)
Exposure not relevant (n = 32)
Comparator not relevant (n = 26)
Outcome not relevant (n = 68)
Supporting information (e.g.,
exposure, ADME studies, reviews)
(n = 66)
Retracted (n = 1)
Other (e.g., abstracts,
commentaries, editorials) (n = 80)

In vitro studies
(n = 60)**

*

Studies may have been excluded for more than one reason; the first reason identified by the screener was
recorded.
** One publication contained human, experimental non-human mammal, and in vitro data. Three publications
contained both human and experimental non-human mammal data. Fourteen publications contained data
relevant to both experimental non-human mammal studies and in vitro studies.

Neurodevelopmental and Cognitive Health Effects Results
All the neurodevelopmental and cognitive data were initially considered and evaluated, with more indepth analysis where similar endpoints were evaluated across multiple studies (e.g., IQ). Hazard
conclusions were developed separately for two different age groups (i.e., children and adults) to address
potential differences in the health impact based on exposure during development compared to
adulthood. Although the data cover a wide array of endpoints (see Figure 5), the hazard conclusion
covers a single category for each age group. The largest bodies of evidence were for IQ (n = 63 studies),
learning and memory (n = 8 studies), as well as other cognitive development effects (e.g., total
neurobehavioral scores and total mental capacity index in children and cognitive impairment in adults;
n = 12 studies) 4. Due to heterogeneity in the endpoints examined and the limited number of human or
animal studies, congenital neurological malformations and neurological complications of fluorosis were
not evaluated because the body of evidence was inadequate to evaluate these potential effects. These

Some studies are included in more than endpoint category (e.g., IQ and other cognitive developmental effects);
therefore, these counts are not mutually exclusive.

4
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health outcomes are not further discussed in this assessment. To the extent possible, human and animal
data were grouped into similar categories (e.g., IQ in humans was considered comparable to learning
and memory in animals). NTP had previously assessed animal data related to effects on learning and
memory associated with fluoride exposure (NTP 2016). Therefore, to update the conclusions of the NTP
(2016) systematic review, only more recent animal studies were evaluated in this assessment. Although
the previous NTP (2016) report was conducted through January 14, 2016, the current assessment
included studies published from 2015 onward and considered studies from the NTP (2016) report.
Thirty-five animal studies have been identified that met this criteria, including 23 studies with learning
and memory endpoints (Banala and Karnati 2015, Shalini and Sharma 2015, Mesram et al. 2016,
Pulungan et al. 2016, Zheng et al. 2016, Dong et al. 2017, Sudhakar et al. 2017, Zhu et al. 2017, Banala et
al. 2018, Bartos et al. 2018, Chen et al. 2018, Ge et al. 2018a, Ge et al. 2018b, McPherson et al. 2018,
Nageshwar et al. 2018, Niu et al. 2018, Sharma et al. 2018, Sun et al. 2018, Wang et al. 2018, Yang et al.
2018, Raju et al. 2019, Yuan et al. 2019, Zhao et al. 2019) and 12 studies with only motor and sensory
endpoints (Adedara et al. 2017a, Ahmad et al. 2017, Nageshwar et al. 2017, Agustina et al. 2018, Kinawy
and Al-Eidan 2018, Nkpaa and Onyeso 2018, Sudhakar et al. 2018b, a, Jia et al. 2019, Li et al. 2019, Lu et
al. 2019, Manusha et al. 2019). Consistent with the NTP (2016) assessment, only learning and memory
studies have been considered in the development of hazard identification conclusions. The additional
motor and sensory studies have been considered, along with information on motor and sensory effects
reported in the learning and memory studies, to provide evidence of possible indirectness related to the
learning and memory assessments.

Risk-of-bias Considerations

Risk-of-bias ratings for each individual study for all risk-of-bias questions are available in Appendix 3.
The risk of bias of individual studies in the body of evidence was considered in developing confidence
ratings. The key risk-of-bias questions (i.e., confounding, exposure characterization, and outcome
assessment for human studies and randomization, exposure characterization, and outcome assessment
for experimental animal studies) are discussed in the consideration of the body of evidence. For this
assessment, the key risk-of-bias questions, if not addressed appropriately, are considered to potentially
have the greatest impact on the results. In addition, for developmental studies in animals, controlling for
potential litter effects (i.e., adjusting for similarities in responses between littermates) was also a key
risk-of-bias concern. The other risk-of-bias questions were also taken into consideration and were used
to identify any other risk-of-bias concerns that may indicate serious issues with the studies. No study
was excluded based on concerns for risk of bias, but, confidence conclusions were considered with and
without high risk-of-bias studies (i.e., studies rated probably high or definitely high risk of bias for at
least two key risk-of-bias questions) to assess the impact of the high risk-of-bias studies.

Human Neurodevelopmental and Cognitive Data

While there were several neurodevelopmental and cognitive endpoints assessed (see Figure 5), most of
the available studies evaluated intelligence (e.g., IQ) in children. Other measures of neurodevelopment
or cognitive function in children, such as general cognitive index (GCI), mental capacity, mental
development index (MDI), or neonatal behavioral neurological assessment (NBNA) were also assessed.
However, because the majority of studies evaluated intelligence, the discussion focuses primarily on IQ
in children with a separate discussion on other measures of cognitive function and neurobehavioral
effects in children and cognitive effects in adults. The available body of literature that evaluates the
association between fluoride exposure and neurodevelopmental and cognitive effects is relatively
robust (n = 82) and confidence considerations in the body of evidence and hazard conclusions are
focused on the studies with the least potential for bias (n = 20). Studies with higher potential for bias
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(n = 62) have also been evaluated and determined to have little impact on the confidence and hazard
conclusions. All evaluated studies can be found in Appendix 2.
This section is organized to present and explain NTP’s two confidence ratings in the bodies of evidence
from epidemiological studies that fluoride exposure is associated with cognitive neurodevelopmental
effects in children and cognitive effects in adults. These confidence ratings were determined as
described in Figure 1.
Summary: There is moderate confidence in the body of evidence that fluoride exposure is associated
with cognitive neurodevelopmental effects in children, and low confidence in the body of evidence that
fluoride exposure is associated with cognitive effects in adults. The moderate confidence rating is
supported by consistent evidence from the available studies of an association between high-fluoride
exposure (mainly >1.5 ppm in water, but also high exposure via fluoridated salt and food) and decreased
IQ or lower cognitive function in children. There is also a recent study of decreased IQ in children living
in areas where drinking water fluoride concentrations are <1.5 ppm. Specifically, a study conducted in
Canada observed a significant decrease in IQ in boys and girls associated with higher estimated total
maternal consumption of fluoride during pregnancy from drinking water and other water-based
beverages including black and green tea (Green et al. 2019). Another study conducted in Mexico with
similar maternal urinary fluoride concentrations during pregnancy as seen in Green et al. (2019)
observed a significant decrease in IQ in boys and girls associated with higher perinatal exposure to
fluoride (Bashash et al. 2017). Although the body of evidence in children supports decreased IQ with
fluoride exposure, there is a lack of evidence of an association between exposure to fluoride and
cognitive effects in adults (Jacqmin et al. 1994, Li et al. 2016). The body of evidence available to examine
the association between exposure to fluoride and cognitive effects in adults is limited to two lower riskof-bias cross-sectional studies; due to the limited number of studies and a lack of an observed effect,
this body of evidence is considered inadequate to evaluate whether fluoride exposure is associated with
cognitive effects in adults (see Table 7).
Most of the available epidemiological studies that evaluated the association between fluoride exposure
and cognitive neurodevelopmental effects assessed IQ and other measures of cognitive function in
children (see Figure 5). Confidence conclusions are based on those studies with the lowest potential for
bias (n = 20) (see Table 6). Most of these studies measured fluoride levels in drinking water or urine. All
but two of the studies were conducted in infants or children. The two studies in adults were conducted
in older adult populations (≥60 years old; one in France and the other in a fluorosis-endemic area of
China) to evaluate the effects of fluoride on cognitive impairment. The studies in children were
conducted in multiple populations. Of the 18 studies in children, 8 were conducted in China, 5 were
conducted in Mexico, 2 were conducted in India, 2 were conducted in Canada, and 1 was conducted in
Iran. The IQ studies used many different tests to measure IQ. The IQ tests used often differed by
population as not all IQ tests are appropriate for all populations (e.g., western vs. Asian populations). In
some cases, different IQ tests were used to study similar populations. Overall, studies used IQ or
cognitive tests appropriate for the population and were age appropriate. The different tests conducted
and the populations on which the tests were conducted are indicated in Table 6.
The lower risk-of-bias studies showing associations with cognitive neurodevelopmental effects in
children include 4 prospective cohort studies (Bashash et al. 2017, Valdez Jimenez et al. 2017, Bashash
et al. 2018, Green et al. 2019) and 14 cross-sectional studies (Xiang et al. 2003, Rocha-Amador et al.
2007, Li et al. 2008a, Rocha-Amador et al. 2009, Ding et al. 2011, Xiang et al. 2011, Saxena et al. 2012,
Seraj et al. 2012, Choi et al. 2015, Zhang et al. 2015b, Das and Mondal 2016, Barberio et al. 2017b, Cui et
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al. 2018, Yu et al. 2018) (see Figure D1 through Figure D12). One limitation of the 14 cross-sectional
studies was the lack of direct evidence that exposure to fluoride occurred prior to the development of
the neurodevelopmental outcomes. However, several studies (n = 5) indicated that a large portion of
the exposed children had dental fluorosis (ranging from 43–100%) at the time of the assessment (Ding et
al. 2011, Seraj et al. 2012, Choi et al. 2015, Das and Mondal 2016, Yu et al. 2018). Because dental
fluorosis occurs when fluoride is consumed during enamel formation usually during the first 6–8 years of
life, the presence of dental fluorosis suggests that exposures to fluoride occurred prior to the outcome
assessment. Four studies (including Yu et al. (2018) listed above) excluded subjects that had not lived in
the study area for a specified period of time, sometimes since birth (Rocha-Amador et al. 2007, RochaAmador et al. 2009, Saxena et al. 2012, Yu et al. 2018). Another study evaluated fluoride exposure in
mothers and included urine levels just prior to birth and assessed children a few days after birth (Li et al.
2008a). Because these areas were generally known to be fluoride-endemic areas for long periods of
time, it can generally be assumed that in these nine cross-sectional studies, exposure occurred prior to
the outcome and, therefore, they were considered functionally prospective in nature. These exposure
concerns were not an issue for the prospective studies because fluoride levels were measured
prenatally. Therefore, the moderate confidence in the body of evidence in children is primarily based on
the consistency of findings across different populations in the four lower risk-of-bias prospective cohort
studies and the nine cross-sectional studies considered functionally prospective with an initial and final
rating of moderate confidence. NTP also considered publication bias when evaluating the confidence in
bodies of evidence. This was assessed independently by Choi et al. (2012) for 27 studies, all of which
were evaluated in this assessment, who found no indication of publication bias based on lack of clear
asymmetry in the Begg’s funnel plot.
Figure 5. Number of Epidemiological Studies by Outcome and Age Categories*

*Interactive figure and additional study details in Tableau®
(https://public.tableau.com/profile/ntp.visuals#!/vizhome/Fluoride_Epi_UPDATE/Figure5)
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Barberio et al.
(2017b)

Study design
(Location/Study) [n]

Exposure
measures and
summary
statistics

Cross-sectional

Children’s urine

Canadian Health Measures
Survey (Cycles 2 and 3)
[2,221]

Bashash et al.
(2017)

Cohort (prospective)
Mexico/Early Life Exposures
in Mexico to Environmental
Toxicants (ELEMENT)
participants [299]
IQ analysis [211]
GCI analysis [287]

Assessment
Timing

Outcome assessed Neurological outcome
and analysis method summary

Children (ages 3–12 Learning disability, ADHD
(Cycle 2 only): Parent or
Mean Cycle 2: 32.06 years)
child self-report
(95% CI: 29.65, 34.46)
µmol/L
Mean Cycle 3: 26.17
(95% CI: 22.57, 29.76)
µmol/L

Significant increase in adjusted
OR for learning disability
(adjusted OR = 1.02; 95% CI:
1.00, 1.03) only when Cycle 2
and 3 were combined using
urinary fluoride
Adjusted for age, sex,
household income adequacy,
and highest attained education
in the household; not adjusted
for creatinine or specific gravity;
associations no longer
significant once adjusted for
creatinine and specific gravity;
no significant associations
found between urinary fluoride
and ADHD

Maternal urine during Children
IQ: WASI
pregnancy
(ages 4, 6–12 years) General cognitive index
Mean (SD): 0.90 (0.35)
(GCI): MSCA
mg/L
Children’s urine
Mean (SD): 0.82 (0.38)
mg/L

Significant effect between
maternal urinary fluoride and
offspring IQ score (adjusted
β = -2.50; 95% CI: -4.12, -0.59)
and GCI score (adjusted
β = -3.15; 95% CI: -5.42, -0.87);
associations with children’s
urine not significant
Adjusted for gestational age,
weight at birth, sex, parity
(being the first child), age at
outcome measurement, and
maternal characteristics
including smoking history (ever
smoked during the pregnancy
vs. nonsmoker), marital status
(married vs not married), age at
delivery, IQ, education, and
cohort
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Bashash et al.
(2018)

Study design
(Location/Study) [n]

Exposure
measures and
summary
statistics

Assessment
Timing

Maternal urine during Children (ages 6–
12 years)
Mexico/Early Life Exposures pregnancy
in Mexico to Environmental Mean 0.85 (95% CI:
0.81, 0.90) mg/L
Toxicants (ELEMENT)
participants
Cohort (prospective)

Outcome assessed Neurological outcome
and analysis method summary
ADHD: Conners' Rating
Scales-Revised (CRS-R)

[214]

Significant associations
between maternal urinary
fluoride and CRS-R scores
including Cognitive Problems +
Inattention Index (adjusted
β = 2.54; 95% CI: 0.44, 4.63),
DSM-IV Inattention Index
(adjusted β = 2.84; 95% CI: 0.84,
4.84), DSM-IV ADHD Total Index
(adjusted β = 2.38; 95% CI: 0.42,
4.34), and ADHD Index
(adjusted β = 2.47; 95% CI: 0.43,
4.50)
Adjusted for gestational age,
birth weight, sex, parity, age at
outcome measurement, and
maternal characteristics
including smoking history (ever
smoked vs. nonsmoker), marital
status (married vs. not
married), education,
socioeconomic status, and
cohort

Choi et al. (2015)

Cross-sectional

Drinking water

China/first-grade children

GM: 2.20 mg/L

[51]

Children’s urine

Children (ages 6–8 Learning and memory:
Neuropsychological tests
years)
including WRAML
IQ: WISC-IV

GM: 1.64 mg/L

Visual motor ability:
WRAVMA

Severity of fluorosis
(Dean Index)

Motor ability: Finger
tapping task
Manual dexterity:
Grooved pegboard test

Compared to normal/
questionable fluorosis,
moderate/severe fluorosis
significantly associated with
lower total (adjusted β = -4.28;
95% CI: -8.22, -0.33) and
backward digit span scores
(adjusted β = -2.13; 95%
CI: -4.24, -0.02); linear
correlation between fluoride in
urine (adjusted β = -1.67; 95%
CI: -5.46, 2.12) and in drinking
water (adjusted β = -1.39; 95%
CI: -6.76, 3.98) with total digit
span was observed but not
significant; other outcomes not
significantly associated with
fluoride exposure
Adjusted for child's sex, age,
parity, illness before 3 years
old, household income last
year, and caretaker's age and
education

Cui et al. (2018)

Cross-sectional

Children’s urine

China/school children [323] Range (logtransformed): -1.2–
2.2

Children (ages 7–12 IQ: Combined Raven's Test Significant correlation between
IQ score and urinary fluoride
years)
for Rural China
(adjusted β = -2.47)
Adjusted for child age, mother's
education, family member
smoking, stress, and anger
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Das and Mondal
(2016)

Study design
(Location/Study) [n]

Exposure
measures and
summary
statistics

Cross-sectional

Drinking water

Assessment
Timing

India/primary school
children

Children (ages 6–
Mean (SD): 2.11 (1.64) 18 years)
mg/L

[149]

Children’s urine
Range: 0.45–17.00
mg/L

Ding et al. (2011)

IQ: Combined Raven's Test Significant correlation between
IQ score and water fluoride
for Rural China
(r = -0.343) and urinary fluoride
(r = -0.751); IQ also generally
decreased with increasing
dental fluorosis severity
No statistical adjustment for
confounders

China (Inner Mongolia)/
elementary school children

Drinking water
Children (ages 7–
Mean (SD): 1.31 (1.05) 14 years)
mg/L

[331]

Children’s urine

Cross-sectional

Outcome assessed Neurological outcome
and analysis method summary

Range: 0.1–3.55 mg/L

IQ: Combined Raven's Test Significant association between
urinary fluoride and IQ score
for Rural China
(each increase in urinary
fluoride of 1 mg/L was
associated with a decrease in IQ
of 0.59 points (95%
CI: -1.09, -0.08); dose response
relationship between fluoride
and dental fluorosis
(p < 0.00001)
Adjusted for age

Maternal urine during Children
pregnancy
(age 3 years)
Canada/Maternal-Infant
Research on Environmental Mean (SD): 0.51 (0.36)
mg/L (0.40 [0.27]
Chemicals (MIREC) [512]
mg/L in nonNon-Fluoridated [238]
fluoridated areas and
Fluoridated [162]
0.69 [0.42] mg/L in
fluoridated areas)
Boys [248]

Green et al. (2019) Cohort (prospective)

Girls [264]

IQ: full scale,
performance, and verbal
using Wechsler Preschool
and Primary Scale of
Intelligence, Third Edition
(WPPSI-III)

Maternal fluoride
intake during
pregnancy
Mean (SD): 0.54 (0.44)
mg/day (0.30 [0.26]
and 0.93 [0.43]
mg/day, respectively)
Drinking water
Mean (SD): 0.31 (0.23)
mg/L (0.13 [0.06] and
0.59 [0.08] mg/L,
respectively)

Significant decrease in full-scale
IQ (adjusted β = -4.49; 95%
CI: -8.38, -0.60) and
performance IQ (adjusted
β = -4.63; 95% CI: -9.01, -0.25)
per 1-mg/L increase in maternal
urine in boys, but not girls
(adjusted β = 2.40; 95%
CI: -2.53, 7.33 and adjusted β =
4.51; 95% CI: -1.02, 10.05,
respectively); significant
decrease in full-scale IQ
(adjusted β = -3.66; 95%
CI: -7.16, -0.15) per 1-mg
increase in maternal fluoride
intake (no sex interaction);
significant decrease in full-scale
IQ (adjusted β = -5.29; 95%
CI: -10.39, -0.19) per 1-mg/L
increase in water fluoride
concentration (no sex
interaction); no significant
decreases observed in verbal IQ
Adjusted for city, HOME score,
maternal education, race,
child’s sex, and prenatal
secondhand smoke exposure

Jacqmin et al.
(1994)

Cross-sectional

Drinking water

France/elderly adults

Range: 0.03–2.03 mg

Adults (ages >65
years)

[3,490]

Cognitive function: MiniMental State (MMS)
Examination

No significant increase in the
prevalence of cognitive
impairment with increasing
fluorine quartiles
No statistical adjustment for
confounders
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study design
(Location/Study) [n]

Exposure
measures and
summary
statistics

Li et al. (2008a)

Cross-sectional

Drinking water

China/neonates
[91]

Range: 0.5–1.0 mg/L

(control); 1.7–6.0
mg/L (high)

Assessment
Timing

Outcome assessed Neurological outcome
and analysis method summary

Neonates (24–72
hours after
delivery)

Neurodevelopmental:
Neonatal behavioral
neurological assessment
(NBNA)

Maternal urine during
pregnancy
Mean (SD): 1.74 (0.96)
mg/L (control); 3.58
(1.47) mg/L (high)

Significant differences in
neurobehavioral assessment
total scores between highfluoride (36.48 ± 1.09) and
control groups (38.28 ± 1.10);
significant differences in total
neurobehavioral capacity scores
as measured by non-biological
visual orientation reaction and
biological visual and auditory
orientation reaction between
the two groups (11.34 ± 0.56 in
controls compared to
10.05 ± 0.94 in high-fluoride
group)
No statistical adjustment for
confounders

Li et al. (2016)

Cross-sectional
China/adults
[511]

Drinking water intake Adults (ages ≥
and urinary fluoride 60 years)
Means (SD) reported
for a subset of
subjects with normal
scores (2.23 [2.23] mg
and 1.46 [1.04] mg/L,
respectively) and
subjects with
cognitive impairment
(3.62 [6.71] mg and
2.47 [2.88] mg/L,
respectively)

Cognitive function: MMS
Examination

Results suggested that degree
of fluoride exposure was
consistent with severity of
skeletal fluorosis, and fluoride
exposure may be a risk factor
for cognitive impairment;
however, neither water fluoride
intake (adjusted ORs = 0.94
[95% CI: 0.85, 1.04] and 0.86
[95% CI: 0.69, 1.06] in the
moderate and severe cognitive
impairment groups,
respectively) nor urinary
fluoride levels (adjusted ORs =
1.12 [95% CI: 0.89, 1.42] and
1.25 [95% CI: 0.87, 1.81] in the
moderate and severe cognitive
impairment groups,
respectively) were significantly
correlated with cognitive
impairment
Adjusted for sex, age,
education, marital status
(married vs. not married),
alcohol consumption (nondrinkers, light drinkers,
moderate to heavy drinkers),
smoking history (never smoker,
ex-smoker, light smoker, heavy
smoker), and serum
homocysteine levels
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Rocha-Amador et
al. (2007)

Study design
(Location/Study) [n]

Exposure
measures and
summary
statistics

Cross-sectional

Drinking water

Mexico/elementary school
children

Mean (SD): 0.8 (1.4),
5.3 (0.9), 9.4 (0.9)
mg/L (3 rural areas)

[132]

Assessment
Timing

Outcome assessed Neurological outcome
and analysis method summary

Children (ages 6–
10 years)

IQ: WISC-Revised Mexican Significant associations
between fluoride and IQ scores
Version
(full IQ adjusted βs of -10.2 with
water and -16.9 with urine; CIs
not reported); arsenic also
present, but the effect was
smaller (full IQ adjusted βs
of -6.15 with water and -5.72
with urine; CIs not reported)

Children’s urine
Mean (SD): 1.8 (1.5),
6.0 (1.6), 5.5 (3.3)
mg/L (3 rural areas)

Adjusted for blood lead,
mother’s education, SES,
height-for-age z-scores, and
transferrin saturation
Rocha-Amador et
al. (2009)

Cross-sectional

Children’s urine

Mexico/elementary school
children

GM (SD): 5.6 (1.7)
mg/L

Children (ages 6–
11 years)

[80]

Visuospatial organization
and visual memory: ReyOsterrieth Complex Figure
Test, children's version

Significant correlation between
urinary fluoride and visuospatial
organization (r = -0.29) and
visual memory scores
(r = -0.27); no significant
correlation with arsenic
Adjusted for age

Saxena et al. (2012) Cross-sectional
India/school children
[170]

Drinking water

Children (age 12
Mean: >1.5 mg/L (high years)
fluoride group)

IQ: Raven's Standard
Progressive Matrices

Children’s urine
Range: 1.7–8.4 mg/L

Significant correlation between
water (r = 0.534; p = 0.000) and
urinary fluoride (r = 0.542;
p = 0.000) levels and IQ score;
no significant differences in the
levels of urinary lead or arsenic
in children from the different
groups
Confounders included in the
analysis were not reported

Seraj et al. (2012)

Cross-sectional

Drinking water

Iran/school children

Mean (SD): 0.8 (0.3)
(normal), 3.1 (0.9)
(medium), 5.2 (1.1)
(high) mg/L

[293]

Children (ages 6–
11 years)

IQ: Raven's Colored
Progressive Matrices

Significant correlation between
water fluoride and IQ score
(adjusted β = -3.865; CIs not
reported); significantly higher
IQ score in normal area (97.77 ±
18.91) compared with medium
(89.03 ± 12.99) and high
(88.58 ± 16.01) areas
Adjusted for age, gender, child’s
education level, mother’s
education level, father’s
education level, and fluorosis
intensity

Valdez Jimenez et
al. (2017)

Cohort (Prospective)

Drinking water

Mexico/infants

Range: 0.5–12.5 mg/L
(all trimesters)

[65]

Infants (ages 3–15
months)

Maternal urine
Range: 0.16–8.2 mg/L
(all trimesters)

Mental development
index (MDI): Bayley Scales
of Infant Development II
(BSDI-II)

Significant correlation between
maternal urinary fluoride and
MDI score during first trimester
(adjusted β = -19.05; SE = 8.9)
and second trimester (adjusted
β = -19.34; SE = 7.46)
Adjusted for gestational age,
age of child, marginality index,
and type of drinking water
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study design
(Location/Study) [n]

Xiang et al. (2003)

Cross-sectional
China/school children
[512]

Exposure
measures and
summary
statistics

Assessment
Timing

Drinking water
Children (ages 8–
Mean (SD): 0.36 (0.15) 13 years)
(control), 2.47 (0.79)
(high fluoride) mg/L
Children’s urine
Mean (SD): 1.11 (0.39)
(control), 3.47 (1.95)
(high fluoride) mg/L
Village of residence
(non-endemic v.
endemic fluorosis)

Xiang et al. (2011)

Cross-sectional

Children’s serum

China/school children

Mean (SD): 0.041
(0.009) (control),
0.081 (0.019) (high
fluoride) mg/L

[512]

Children (ages 8–
13 years)

Outcome assessed Neurological outcome
and analysis method summary
IQ: Combined Raven's Test Significant dose-related effect
of fluoride on IQ score based on
for Rural China
quintile levels with significant
decreases in IQ scores observed
with water fluoride at
1.53 mg/L or higher; Pearson
correlation coefficient of -0.164
with urinary fluoride; IQ scores
for children in non-endemic
region (100.41 ± 13.21)
significantly higher than
endemic region (92.02 ± 13.00);
calculated a lower-bound
confidence limit benchmark
concentration (BMCL) of 1.85
mg/L
IQ: Combined Raven's Test Significant trend on association
between quartiles of serum
for Rural China
fluoride and children's IQ score
< 80 (adjusted ORs for Q1 and
Q2; Q1 and Q3; and Q1 and Q4,
respectively: 1; 2.22 [95% CI:
1.43, 3.47]; and 2.48 [95% CI:
1.85, 3.32]); significant effects
at >0.05 ppm fluoride
Adjusted for age and gender

Yu et al. (2018)

Cross-sectional
China/children
[2,886]

Drinking water
Children (ages 7–13 IQ: Combined Raven’s Test
for Rural China
Mean (SD): 0.50 (0.27) years)
(normal), 2.00 (0.75)
(high) mg/L
Children’s urine
Mean (SD): 0.41 (0.49)
(normal), 1.37 (1.08)
(high) mg/L

Significant difference
(p = 0.036) in mean IQ scores in
high water fluoride area
(>1.0 mg/L; 106.4 ± 12.3 IQ)
compared to the normal area
(≤1.0 ppm; 107.4 ± 13.0 IQ);
distribution of the IQ scores
also significantly different
(p = 0.003); every 0.5-mg/L
increase in water fluoride was
associated with a 4.29 decrease
in IQ score (95% CI: -8.09, -0.48)
between 3.40 and 3.90 mg/L
Adjusted for age, sex, maternal
education, paternal education,
and low birth weight
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Zhang et al.
(2015b)

Study design
(Location/Study) [n]

Exposure
measures and
summary
statistics

Cross-sectional

Drinking water

China/school children
[180]

Assessment
Timing

Outcome assessed Neurological outcome
and analysis method summary

Children (ages 10– IQ: Combined Raven's Test
for Rural China
Mean: 0.63 (control), 12 years)
1.40 (endemic
fluorosis) mg/L (SD
not reported)
Children’s urine
Mean (SD): 1.1 (0.67)
(control), 2.4 (1.01)
(endemic fluorosis)
mg/L

Significant correlation between
IQ score and serum fluoride
(r = -0.47) and urinary fluoride
(r = -0.45); significant difference
in IQ score for high-fluoride
area (>1 ppm; 102.33 ± 13.46)
compared with control area
(109.42 ± 13.30)
Adjusted for age and gender, if
applicable

Children’s serum
Mean (SD): 0.06 (0.03)
(control), 0.18 (0.11)
(endemic fluorosis)
mg/L
a
b

Includes lower risk-of-bias studies
Definitions: ADHD: attention-deficit/hyperactivity disorder; GCI: General Cognitive Index; GM: geometric mean; HOME: Home
Observation Measurement of the Environment; IQ: intelligence quotient; MSCA: McCarthy Scales of Children’s Abilities; WASI:
Wechsler Abbreviated Scale of Intelligence (Spanish version); WISC-IV: Wechsler Intelligence Scale for Children-Revised;
WRAML: Wide Range Assessment of Memory and Learning; WRAVMA: Wide Range Assessment of Visual Motor Ability

Overall Risk-of-bias Discussion of the Body of Evidence
The confidence rating for the body of evidence in humans was based on studies with the lowest
potential for bias (i.e., studies rated probably low or definitely low risk of bias for at least two of the
three key risk-of-bias questions). Each of these 20 studies (including 18 studies in children and 2 in
adults) had little or no risk-of-bias concerns, and confidence in the body of evidence was not
downgraded for risk of bias. However, the remaining studies in the human body of evidence were rated
as probably high or definitely high risk of bias for at least two key risk-of-bias questions. Risk-of-bias
ratings for individual studies for all questions are available in Figure A3-1 and Figure A3-3. Among the
studies with lower potential for bias (see Figure A3-1 and Figure A3-2), the key risk-of-bias question with
the most potential for bias was the potential for confounding. Potential confounding was a concern for 6
of the 18 lower risk-of-bias studies in children (see Confounding for further discussion). Among the
studies with higher potential for bias, there were a number of risk-of-bias concerns, including potential
confounding, poor exposure characterization, poor outcome assessment, and, in many cases, potential
concern with participant selection (see Figure A3-3 and Figure A3-4). Many of the studies (n = 49)
included in the entire human body of evidence were initially published in a foreign language (mainly
Chinese) and translated by the Fluoride Action Network
(http://fluoridealert.org/researchers/translations/complete_archive/). Most of these studies were
considered to have high potential of bias due to lack of information across many key risk-of-bias
questions. Therefore, in order to assess if the lack of information relevant to key risk-of-bias concerns
was the result of a loss in translation, the original Chinese publications and the translated versions of the
five studies that had the most potential for being included in the lower risk-of-bias group of studies were
reviewed to determine if any of the risk-of-bias concerns could be addressed (An et al. 1992, Chen et al.
2008, Du et al. 2008, Guo et al. 2008a, Li et al. 2009). For all five studies, it was determined that there
was no additional information that could be obtained from the original Chinese publication that
impacted the key risk-of-bias concerns.
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Confounding
The list of potential confounding variables and/or effect modifiers considered important for this
evaluation (depending on the study population and outcome) included age; child’s sex; race/ethnicity;
maternal demographics (e.g., maternal age, body mass index [BMI]); parental behavioral and mental
health disorders (e.g., ADHD, depression); socioeconomic status (e.g., maternal education, household
income, marital status, crowding); smoking (e.g., maternal smoking status, secondhand tobacco smoke
exposure); reproductive factors (e.g., parity); nutrition (e.g., BMI, growth, anemia); iodine
deficiency/excess; minerals and other chemicals in water associated with neurotoxicity (e.g., arsenic,
lead); maternal and paternal IQ; and quantity and quality of caregiving environment (e.g., Home
Observation Measurement of the Environment [HOME] score). To be assigned a rating of probably low
risk of bias for the key risk-of-bias question regarding confounding, studies were not required to address
every potential confounder listed; however, studies were required to address the potential for coexposures (e.g., arsenic and lead, both of which could affect cognitive function) and any potential
confounders considered important for the specific study population and outcome. For example, studies
of populations in China, India, and Mexico, where there is concern for exposures to high fluoride and
high arsenic, were required to address arsenic, and smoking needed to be addressed in studies of adults
when dementia was evaluated.
Among studies with lower risk-of-bias concerns, 14 of the 20 studies were considered to have lower
potential for bias due to confounding. Only two lower risk-of-bias studies did not consider any potential
confounders, and only four studies did not account for indicators of socioeconomic status (e.g., parental
education, household income). Six of the 20 lower risk-of-bias studies accounted for maternal or family
member smoking. Potential confounding related to important co-exposures that may impact
neurological functioning (e.g., arsenic and lead) was addressed in some lower risk-of-bias studies by
either accounting for arsenic or lead in the analyses (three studies for arsenic and six studies for lead) or
indicating that arsenic or lead levels in the study areas were very low (four studies for arsenic and six
studies for lead). Most of the remaining studies did not consider co-exposures to lead (n = 12) or arsenic
(n = 7); however, these co-exposures were considered less likely to be an issue in study populations
where there was no evidence that lead or arsenic was prevalent or occurring in relation to fluoride.
Studies with reason for concern about arsenic or lead specifically that did not address arsenic or lead as
a co-exposure were rated as probably high risk of bias for the key question of confounding.
Although there is variability in the potential confounders considered and differences in populations
evaluated, the consistency of the results among the lower risk-of-bias studies indicates that confounding
is not a major concern in this body of evidence. Even though 6 of 18 lower risk-of-bias studies in children
are considered to have higher potential for bias due to confounding that could not be ruled out for that
specific population and outcome (see Figure 6), results were consistent across multiple populations; all
lower risk-of-bias studies in children reported that higher fluoride exposure is associated with at least
one measure of decreased IQ or other cognitive effect. A few lower risk-of-bias studies confirmed the
robustness of the results by conducting sensitivity analyses (Bashash et al. 2017, Bashash et al. 2018, Yu
et al. 2018, Green et al. 2019). None of the sensitivity analyses adjusting for additional confounders
found meaningful shifts in the association between fluoride exposure and IQ or other measures of
cognitive function. Bashash et al. (2017) found that adjusting for HOME score increased the association
between maternal urinary fluoride and children’s IQ. Bashash et al. (2018) examined several potential
confounders in sensitivity analyses involving subsets of participants, including HOME scores, child
contemporaneous fluoride exposure measured by child urinary fluoride adjusted for specific gravity, and
maternal lead and mercury exposures. The authors reported that no sensitivity analyses indicated
appreciable changes in the fluoride-related association with behaviors related to ADHD, nor did they
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find evidence of effect modification between sex and maternal urinary fluoride. Green et al. (2019)
found that adjusting for lead, mercury, manganese, perfluorooctanoic acid, and arsenic concentrations
did not substantially alter the associations with IQ. Sensitivity analyses by Yu et al. (2018) that adjusted
for covariates (including age, sex, and socioeconomic status) did not find differences in the results
compared to the primary analyses.
As previously mentioned, most of the higher risk-of-bias studies in the human body of evidence did not
address the potential confounders of greatest concern. Many of these studies conducted only simple
statistical analyses without accounting for any potential confounders (49 of 59 higher risk-of-bias
studies), and many studies did not report whether the study subjects were from areas of similar
socioeconomic status or environmental conditions (n = 19 higher risk-of-bias studies). Potential
confounding related to important co-exposures (e.g., arsenic and lead) was often not addressed in
higher risk-of-bias studies. In studies where there was high exposure to fluoride via drinking water with
high naturally-occurring fluoride or from the use of coal-containing fluoride, most researchers did not
account for potential exposures to arsenic, which is commonly found in coal and drinking water in
fluoride-endemic areas of China and Mexico. In general, researchers did not account for potential
exposures to lead; however, studies reporting lead levels in fluoride-endemic areas, including areas in
China, often reported low levels of lead (Xiang et al. 2011, Choi et al. 2012, Saxena et al. 2012, Seraj et
al. 2012, Choi et al. 2015, Yu et al. 2018). Therefore, lead is not assumed to be a common exposure in
fluoride-endemic areas. Most of the studies did not account for smoking or socioeconomic status, nor
did they provide information to lessen the risk-of-bias concern (e.g., list of study characteristics
indicating no significant differences between comparison groups). However, as noted for the lower riskof-bias studies, given the consistency of the evidence, confounding is not likely a major concern among
higher risk-of-bias studies.

30

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Figure 6. Potential Confounders Considered in Lower Risk-of-bias Studies Conducted in Children
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Notes:

1Includes

all lower risk-of-bias studies in children. Studies are organized as those with an overall risk-of-bias rating for confounding as
probably low (green) followed by those with an overall risk-of-bias rating for confounding as probably high (yellow).
2Potential confounding factors and/or effect modifiers represented here are those considered important for this evaluation. See study
details provided in HAWC for information on additional confounders.
Factors outlined in blue (subject age, subject sex, arsenic, SES) are considered key confounders.
A √ indicates that a factor was considered (and may or may not have been adjusted for in final model). For ‘Other Exposures’, a √ might
also be used when a co-exposure was not expected to be an issue because there is no evidence to indicate that the co-exposure was
prevalent or occurring in relation to fluoride. See risk-of-bias explanations in HAWC for details. A hyphen (–) indicates that the factor was
not considered.
3See the "Notes" column for additional details.
4Extent of reported effects varies by study. "Yes" indicates that study authors reported one or more significant effects on IQ or other
cognitive functions associated with fluoride exposure.
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Exposure assessment
Exposure was assessed using a variety of methods in the human body of evidence. Studies provided
varying levels of details on the methods used and employed different exposure characterization
methods to group study subjects into exposed and reference groups. Exposure metrics included spot
urine (from children or mothers during at least one trimester), 24-hour urine, serum, individual drinking
water, municipal drinking water (with residence information), area of residence (endemic versus a nonendemic fluorosis area with or without individual validation of exposure), burning coal (with or without
fluoride), and occupation type. Analytical methods to measure fluoride in biological or water samples
also varied, some of which included atomic absorption, ion selective electrode methods, colorimetric
methods, or the hexamethyldisiloxane microdiffusion method. Individual-level measures of exposure
were generally considered more accurate than group-level measures; however, using group-level
measures (e.g., endemic versus non-endemic area) in an analysis was less of a concern if the study
provided water or urine fluoride levels from individuals to verify that there were differences in the
fluoride exposure between groups. Studies that provided results by area but also reported individual
urinary or serum fluoride concentrations or other biochemical measures, including dental fluorosis in
the children or urinary levels in mothers during pregnancy, were considered to have probably low risk of
bias.
In general, there were few or no risk-of-bias concerns regarding exposure assessment in the lower riskof-bias studies. Many of the lower risk-of-bias studies used individual urine or water measures with
appropriate analyses. Urinary fluoride levels include all ingested fluoride and are considered a valid
measure to estimate fluoride exposure (Watanabe et al. 1995, Villa et al. 2010); however, some
concerns exist. Urinary fluoride is thought to reflect recent exposure but can be influenced by the timing
of exposure (e.g., when water was last consumed, when teeth were last brushed). When compared to
24-hour urine samples, spot urine samples are more prone to these influences and can also be affected
by differences in dilution; however, many studies attempted to account for dilution either using urinary
creatinine or specific gravity. Strong correlations between 24-hour samples and urinary fluoride
concentrations from spot samples adjusted for urinary dilution have been described (Zohouri et al.
2006). Despite potential issues with spot urine samples, if authors made appropriate efforts to reduce
the concern for bias, studies that used this metric were generally considered to have probably low risk
of bias for exposure.
Although there are concerns related to using maternal urine samples, many studies provide evidence to
suggest that urinary fluoride is a reasonable measure of exposure. Using three methods to account for
urine dilution, Till et al. (2018) reported that adjusted risk estimates did not differ from unadjusted
estimates. Analyzing the same study population as Till et al. (2018), Green et al. (2019) found that
adjusting for time of urine collection or time of collection since last void during pregnancy did not
substantially affect associations with IQ results in either boys or girls. In addition, adjusting the maternal
urinary fluoride for creatine did not substantially alter the association observed (Green et al. 2019). To
provide a more accurate and sensitive measurement of maternal urinary fluoride than a single
measurement provides, Green et al. (2019) only included participants with valid fluoride measurements
at each trimester in their analysis. Several other studies also measured urinary fluoride multiple times
throughout pregnancy (Bashash et al. 2017, Valdez Jimenez et al. 2017, Bashash et al. 2018, Green et al.
2019). Other studies demonstrated correlations between the urinary fluoride and fluoride in the
drinking water or estimated dose based on water (Saxena et al. 2012, Zhang et al. 2015b, Das and
Mondal 2016, Green et al. 2019). Till et al. (2018) demonstrated that there was a linear association
between urinary fluoride concentrations in pregnant women and drinking water fluoride concentrations
regardless of method to correct for urine dilution or whether or not adjustments were made for
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dilution. Bashash et al. (2017) excluded exposure outliers but found that doing so did not change the
results in a meaningful way. Taken together, these studies suggest that urinary fluoride is a reasonable
measure of exposure despite some of the potential issues.
A frequent critical limitation among the higher risk-of-bias studies was lack of information regarding
exposure or poor exposure characterization. Many of the higher risk-of-bias studies only compared
subjects living in two regions with differing levels of fluoride exposure, and while most of them did
provide some differentiation in levels of fluoride between the areas, limited or no individual exposure
information was reported. Among studies that provided drinking water levels of fluoride in two areas
being compared, sufficient information to determine if the individual study subjects were exposed to
these levels was often not reported. Some studies also lacked information on fluoride analysis methods
and timing of the exposure measurements. In some cases (n = 4), study areas that were considered
endemic for dental and/or skeletal fluorosis were compared to non-endemic areas, or high-fluoride
areas were compared to low-fluoride areas, with no other information provided on fluoride levels in the
areas. While living in an area endemic for fluorosis could be an indicator of exposure, these studies did
not specify if the study subjects themselves had fluorosis. Another study used only dental fluorosis as a
measure of fluoride exposure in subjects that were all from an endemic area with similar drinking water
fluoride levels.
Outcome assessment
Studies included in this evaluation used a wide variety of methods to measure IQ and other cognitive
effects. Measures of IQ were generally standardized tests of IQ; however, for these standardized
methods to be considered low potential for bias they needed to be conducted in the appropriate
population or modified for the study population. Because results of these tests can be subjective, it was
important that the outcome assessors were blind to the fluoride exposure when evaluating the results
of the tests. If the study reported that the assessor was blind to the exposure, this was assumed to
mean that the outcome assessor did not have any knowledge of the exposure, including whether the
study subjects were from high-fluoride communities.
The lower risk-of-bias studies have few concerns regarding outcome assessment. Only one study
(Barberio et al. 2017b) had concerns for potential bias in the outcome assessment and that was due to
the fact that the learning disability was self-reported. Blinding was not a concern in this study as fluoride
was assessed in the urine, and it was not possible for the self-assessment to be based on knowledge of
exposure. The remainder of the studies used appropriate measures of IQ or other cognitive effects for
the study population. Twelve of the studies reported blinding of the outcome assessors. For the
remainder of the studies, it was assumed that the outcome assessors were most likely blind because
exposure was assessed via urine or drinking water obtained at the same time as the outcome
assessment.
Among the studies with higher risk of bias, the main limitation in the outcome assessment was the lack
of reporting on whether the outcome was assessed without knowledge of exposure. Although there is
little concern that the children’s knowledge of their own exposure would bias the way they took the IQ
tests, there is potential for bias if the tests were administered by an interviewer, or if the scoring of
results could be subjective (e.g., drawing tests), and the interviewer or scorer had knowledge of the
children’s exposure. Most of the studies did not provide sufficient information on the person scoring or
administering the tests or other information on the assessment methods to alleviate concerns for
potential interviewer or reviewer bias. In some cases, the outcomes were not considered sensitive
measures (e.g., Seguin Form Board Test to test for IQ), or the test was not considered appropriate for
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the study population (e.g., a test validated in a western population was used on a rural Chinese
population).
IQ in Children
The results from 13 studies (2 prospective cohort and 11 cross-sectional studies) with lower potential for
bias that evaluated IQ in children (Xiang et al. 2003, Rocha-Amador et al. 2007, Ding et al. 2011, Xiang et
al. 2011, Saxena et al. 2012, Seraj et al. 2012, Choi et al. 2015, Zhang et al. 2015b, Das and Mondal 2016,
Bashash et al. 2017, Cui et al. 2018, Yu et al. 2018, Green et al. 2019) provide consistent evidence that
exposure to fluoride is associated with decreased IQ (see Figure D1 through Figure D7); however, the
analyses performed and the specific results varied by study. Higher fluoride exposure was associated
with at least one measure of decreased IQ in each of the 13 studies. In several studies, a significant
correlation was observed between decreased IQ level and increased concurrent fluoride levels in single
serum samples (Zhang et al. 2015b) or single spot urine samples in children (Xiang et al. 2003, RochaAmador et al. 2007, Ding et al. 2011, Saxena et al. 2012, Zhang et al. 2015b, Das and Mondal 2016, Cui
et al. 2018, Yu et al. 2018) (see Figure D6 and Figure D7). Bashash et al. (2017) observed a significant
inverse association between children’s IQ and maternal urinary fluoride during pregnancy (measured
during all three trimesters and included if at least one measurement was available; an increase of 0.5
mg/L of maternal urinary fluoride was associated with a 2.5-point decrease [95% CI: −4.12, −0.59] in IQ)
in boys and girls combined (see Figure D7); however, the association between IQ level and children’s
urinary fluoride levels, while inverse, was not significant (single spot urine sample; an increase of 0.5
mg/L of child urinary fluoride was associated with a 0.89-point decrease [95% CI: −2.63, 0.85] in IQ)
(Bashash et al. 2017). Green et al. (2019) also observed a significant decrease in IQ for boys associated
with maternal urinary fluoride averaged across trimesters (a significant 4.49-point decrease [95% CI:
−8.38, −0.60] in IQ per 1-mg/L increase in maternal urinary fluoride); results were not significant in girls
(2.40-point increase [95% CI: −2.53, 7.33] in IQ) or in boys and girls combined (1.95-point decrease in IQ
per 1-mg/L increase; 95% CI: −5.19, 1.28). Other measures of prenatal exposure (maternal fluoride
intake or water fluoride concentrations) were associated with decreases in IQ in boys and girls combined
although the authors did not report boys and girls separately, as they found no significant effect
measure modification between child sex and fluoride exposure in these analyses (Green et al. 2019).
Specifically, when evaluating the association between estimated maternal fluoride intake based on
maternal water and beverage consumption during pregnancy and IQ in children, a 1-mg increase in daily
maternal consumption of fluoride during pregnancy was associated with a significant decrease of 3.66
IQ points in boys and girls combined (95% CI: −7.16, −0.15). Similarly, water fluoride concentrations for
pregnant women from fluoridated areas (mean water fluoride levels of 0.59 ± 0.08 mg/L) versus
pregnant women from non-fluoridated areas (mean water fluoride levels of 0.13 ± 0.06 mg/L) were
associated with a significant 5.29-point IQ decrease per 1-mg/L increase in fluoride in both boys and girls
combined (95% CI: −10.39, −0.19) (Green et al. 2019).
Choi et al. (2015) conducted a pilot study with 51 children in an area of China with a wide range of
fluoride concentrations in the drinking water. Aside from observing no association between the square
root block design test score and fluoride exposure from drinking water, the authors observed consistent
negative associations between IQ measures and fluoride in children’s single spot urine or drinking water
and significant associations between specific tasks from an omnibus IQ test (i.e., significant decrease in
WISC-IV backward and total digit span scores) and fluoride exposure based on moderate or severe
dental fluorosis in children (see Figure D7). Rocha-Amador et al. (2007) observed significant negative
correlations between IQ and both water and children’s single spot urinary fluoride levels in a population
in Mexico (adjusted β = −10.2 per log fluoride increase [CIs not reported] and −16.9 per log fluoride
increase [CIs not reported], respectively) (see Figure D7). The authors also observed a significant inverse
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association between IQ and children’s drinking water and single spot urinary arsenic levels (adjusted
β = −6.15 [CIs not reported] and −5.72 [CIs not reported], respectively). Because fluoride and arsenic
were highly correlated in the study area, the authors were not able to adjust for exposure to arsenic
when evaluating the effects of fluoride exposure (Rocha-Amador et al. 2007). Ding et al. (2011) reported
a negative dose-response relationship between children’s single spot urinary fluoride levels and IQ (see
Figure D4); after adjusting for age, using multiple linear regression, they found a 0.59 point decrease in
IQ score (95% CI: −1.09, −0.08) per 1-mg/L increase in urinary fluoride (p-value < 0.0001) (see Figure D7).
While observing no association between IQ and low children’s single spot urinary fluoride levels (0.01–
1.60 mg/L), Yu et al. (2018) observed significant negative associations (p values not reported) between
IQ and median children’s urinary fluoride levels (1.60–2.50 mg/L)—with a decrease in IQ score of 2.67
(95% CI: −4.67, −0.68) for every 0.5-mg/L increment of urinary fluoride—and high children’s urinary
fluoride levels at 2.50–5.54 mg/L with a decrease in IQ score of 0.84 (95% CI: −2.18, 0.50) for every
0.5-mg/L increment of urinary fluoride (see Figure D7). The authors also reported a significant negative
association between drinking water fluoride levels at 3.40–3.90 mg/L (4.29-point decrease [95% CI:
−8.09, −0.48] for every 0.5-mg/L increment of water fluoride); a 0.04-point decrease in IQ (95% CI:
−0.33, 0.24) was observed for 0.5-mg/L increments of water fluoride at levels of 0.20–3.40 mg/L. When
comparing water fluoride concentrations of >1 mg/L to ≤1 mg/L, there was a greater risk (adjusted OR =
1.25; 95% CI: 0.69, 2.26) for marginal intelligence (i.e., IQ score = 70–79) and a reduced chance (adjusted
OR = 0.47; 95% CI: 0.32, 0.71) of excellent intelligence (i.e., IQ score ≥ 130) (see Figure D4). Similar
results were observed using children’s urinary fluoride levels (adjusted OR for marginal intelligence =
1.44; 95% CI: 0.72, 2.91; adjusted OR for excellent intelligence = 0.49; 95% CI: 0.26, 0.93) (Yu et al.
2018). Cui et al. (2018) observed a significant association between log-transformed children’s single spot
urine fluoride and decreased IQ scores (2.47 point decrease in IQ [95% CI: −4.93, −0.01] per unit increase
in urinary fluoride), and the association was the strongest in subjects with the TT polymorphism in the
dopamine receptor D2 gene which, according to the authors, probably results in a reduced D2 receptor
density (12.31 point decrease in IQ [95% CI: −18.69, −5.94] per unit increase in urinary fluoride) (Cui et
al. 2018).
The results from 48 studies with higher potential for bias that evaluated IQ in children provide
consistent supporting evidence of decrements in IQ associated with exposures to fluoride. Forty-one of
the 48 studies reported an association between high fluoride exposure and decreased IQ in children.
Other Neurodevelopmental or Cognitive Effects in Children
Among the studies with lower potential for bias, the results from three prospective cohort studies
(Bashash et al. 2017, Valdez Jimenez et al. 2017, Bashash et al. 2018) and four cross-sectional studies (Li
et al. 2008a, Rocha-Amador et al. 2009, Choi et al. 2015, Barberio et al. 2017b) provide mostly
consistent results for associations of fluoride exposure with cognitive impairment in children other than
decrements in IQ, such as hand-eye coordination, neurobehavioral assessment, behavioral capacity, and
learning disabilities (see Figure D8 through Figure D10). Because IQ cannot be assessed in infants, other
neurodevelopmental tests were conducted. Two studies (Li et al. 2008a, Valdez Jimenez et al. 2017),
based in China and Mexico, evaluated neonates (within 3 days of birth) or infants (3–15 months) (see
Figure D8 and Figure D10).
In neonates, the high fluoride group (based on a single maternal urine fluoride level just prior to birth
[3.58 ± 1.47 mg/L] compared to controls [1.74 ± 0.96 mg/L]) had significant decreases (p < 0.05) in total
neurobehavioral assessment scores (38.28 ± 1.10 in controls compared to 36.48 ± 1.09 in high fluoride
group) and total behavioral capacity scores (11.34 ± 0.56 in controls compared to 10.05 ± 0.94 in high
fluoride group) as measured by a standard neonatal behavioral neurological assessment (NBNA) method
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(Li et al. 2008a). In infants, the Mental Development Index (MDI)—which measures functions including
hand-eye coordination, manipulation, understanding of object relations, imitation and early language
development—was significantly negatively correlated with maternal urinary fluoride in both the first
and second trimesters (adjusted βs = −19.05 with standard error of 8.9 for first trimester and −19.34
with standard error of 7.46 for second trimester) (Valdez Jimenez et al. 2017). This study did not find an
association between maternal fluoride during any trimester and Psychomotor Developmental Index
(PDI), which measures gross motor development (adjusted βs = 6.28 and 5.33 for first and second
trimesters, respectively; no variance provided) (Valdez Jimenez et al. 2017). The General Cognitive Index
(GCI) of the McCarthy Scales of Children’s Abilities (MSCA) in 4-year-old children was significantly
negatively associated with maternal creatinine-adjusted urinary fluoride levels during pregnancy
(collected during each trimester) even after adjusting for maternal bone lead (adjusted β = −3.15 [95%
CI: −5.42, −0.87] in a model adjusting for main covariates (e.g., gestational age, weight at birth, sex,
maternal smoking, and indicators of socioeconomic status); adjusted β = −5.63 [95% CI: −8.53, −2.72] in
a model limited to a subset of cases who had data on maternal bone lead and adjusted for main
covariates and maternal bone lead) (Bashash et al. 2017) (see Figure D10). Choi et al. (2015), however,
evaluated cognitive function endpoints in addition to IQ and found no significant associations between
concurrent water or urinary fluoride levels and Wide Range Assessment of Visual Motor Ability
(WRAVMA) scores, finger tapping, and the grooved pegboard test although there were some significant
associations based on degree of fluorosis (see Figure D10). Another study using construction and
memory scores in children 6–11 years old observed statistically significant decreases with increasing
concurrent child single spot urinary fluoride even after adjusting for age (p < 0.05; −0.29 and −0.27 for
copy and immediate recall, respectively [CIs not reported]); however, scores were not significantly
associated with urinary arsenic levels (−0.05 and 0.02 for copy and immediate recall, respectively [CIs
not reported]) (Rocha-Amador et al. 2009) (see Figure D9).
Barberio et al. (2017b) evaluated learning disabilities in children 3–12 years of age, including ADHD,
attention deficit disorder (ADD), and dyslexia, as part of the Canadian Health Measures Survey and
found a small but significantly increased risk in self-reported (children 12 years of age) or parent- or
guardian-reported (children 3–11 years of age) learning disabilities associated with higher spot urinary
fluoride levels in children (adjusted OR = 1.02; 95% CI: 1.00, 1.03) (see Figure D11); however, significant
associations were not observed in analyses using creatinine- or specific gravity-adjusted urinary fluoride
(Barberio et al. 2017b). Barberio et al. (2017b) also reported no associations between single spot urinary
fluoride and ADHD in children ages 3 to 12 years. Bashash et al. (2018) evaluated behaviors associated
with ADHD in children ages 6–12 years using the Conners' Rating Scales-Revised (CRS-R) and observed
significant associations between maternal urinary fluoride (measured during each trimester) and ADHDlike symptoms, particularly those related to inattention (an increase in 0.5 mg/L of maternal urinary
fluoride was associated with a 2.84-point increase [95% CI: 0.84, 4.84] in the DSM-IV Inattention Index
and a 2.54-point increase [95% CI: 0.44, 4.63] in the Cognitive Problems and Inattention Index). These
two scales contributed to the global ADHD Index and the DSM-IV ADHD Total Index, which were also
associated with higher levels of prenatal fluoride exposure (an increase of 0.5 mg/L in maternal urinary
fluoride was associated with a 2.38-point increase [95% CI: 0.42, 4.34] in the DSM-IV ADHD Total Index
and a 2.47-point increase [95% CI: 0.43, 4.50] in the ADHD Index) (see Figure D10). Significant
associations were not observed between maternal urinary fluoride concentrations during pregnancy and
child performance on measures of hyperactivity nor were there any significant results in children using
the Connors’ Continuous Performance Test (CPT-II, 2nd Edition), a computerized test of sustained
attention and inhibitory control (Bashash et al. 2018).
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Higher risk-of-bias studies (n = 5) also provide some evidence of associations of fluoride exposure with
neurodevelopmental or cognitive effects in children other than effects on IQ, but the results are
inconsistent with heterogeneous outcomes (Shannon et al. 1986, Morgan et al. 1998, Li et al. 2008b,
Malin and Till 2015, Mustafa et al. 2018).
Cognitive Effects in Adults
Results from two lower risk-of-bias studies in adults did not find consistent evidence for an association
between cognitive impairment (based on the Mini-Mental State Examination) and exposure to fluoride
(Jacqmin et al. 1994, Li et al. 2016). Jacqmin et al. (1994) did not find an association between drinking
water fluoride and cognitive impairment in populations in France (n = 3,490) and found prevalence rates
of cognitive impairment to be the same regardless of fluoride exposure (see Figure D12). In an analysis
of 38 cognitively-impaired cases and 38 controls matched for several confounders including age, gender,
education, alcohol consumption, and smoking, Li et al. (2016) did find significantly higher urinary
fluoride levels and skeletal fluorosis scores in the cognitively-impaired group compared with the control
group; however, the authors found no significant correlation between cognitive impairment and total
daily water fluoride intake (adjusted ORs = 0.94 [95% CI: 0.85, 1.04] and 0.86 [95% CI: 0.69, 1.06] in the
moderate and severe cognitive impairment groups, respectively) or urinary fluoride levels (adjusted
ORs = 1.12 [95% CI: 0.89, 1.42] and 1.25 [95% CI: 0.87, 1.81] in the moderate and severe cognitive
impairment groups, respectively) in subjects from fluorosis-endemic areas of China (n = 511).
Higher risk-of-bias studies (n = 7) provide some evidence of cognitive impairment in adults associated
with exposure to fluoride. In aluminum factory workers (exposed to gaseous and particular fluoride
emissions during the production of aluminum metal), significant decreases in IQ (Duan 1995),
diminished performance on several neurobehavioral core battery tests (NCTBs) (Guo et al. 2008b), and
impaired psychomotor performance and memory were observed (Yazdi et al. 2011). One study
conducted on adult subjects with fluorosis (dental and skeletal) from a fluorosis-endemic area compared
with healthy subjects from a non-endemic area observed significant differences for some cognitive
function tests (i.e., tests of speech fluency, recognition, and working memory) but not others and
generally did not observe a significant change in IQ except in the operation scores (Shao 2003). One
prospective cohort study evaluated exposure to fluoride in children at age of 5 years based on whether
or not the children resided in areas with community water fluoridation or used fluoride toothpaste or
fluoride tablets, and found no clear differences in IQ scores of the subjects at age 38 years (Broadbent et
al. 2015). One additional study suggested that populations living in areas with higher drinking water
fluoride had lower levels of dementia (Still and Kelley 1980); however, the study was not focused on
effects of fluoride, but rather if fluoride was able to reduce the risk associated with aluminum by
competing with aluminum and reducing the aluminum bioavailability. Therefore, the study was
considered inadequate to evaluate the effects of fluoride on dementia (Still and Kelley 1980). A more
recent study in Scotland evaluated dementia rates associated with aluminum and fluoride drinking
water concentrations and observed an increase in dementia only in the highest quartile of fluoride (56.3
µg/L) compared to the lowest quartile (<44.4 µg/L), but found a significant increase with all quartiles of
aluminum compared with the reference group (Russ et al. 2019). In addition to studies that reported on
cognitive impairment and exposure to fluoride, two studies were identified that reported effects on
motor and sensory function (Rotton et al. 1982) and a higher prevalence of self-reported headaches,
insomnia, and lethargy (Sharma et al. 2009).
Mechanistic Data in Humans
Eight lower risk-of-bias studies were available that evaluated mechanistic data in humans associated
with fluoride exposure that was considered potentially relevant to neurological effects, including effects
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on thyroid hormones in children (Singh et al. 2014, Zhang et al. 2015b, Kumar et al. 2018), adults
(Kheradpisheh et al. 2018a, Kheradpisheh et al. 2018b, Malin et al. 2018), or children and adults
combined (Barberio et al. 2017a). In addition, some studies evaluated self-reported thyroid conditions in
children and adults combined (Barberio et al. 2017a) and thyroid diseases in adults (Peckham et al.
2015, Kheradpisheh et al. 2018b) (see Figure A3-5 and Figure A3-6). Although the lower risk-of-bias
studies provide some evidence of mechanistic effects (primarily changes in thyroid stimulating hormone
[TSH] levels in children), the studies were too heterogeneous or limited in number to make any
determination on mechanism (see Figure 7).
Among the seven lower risk-of-bias studies that reported on changes in thyroid hormones, three studies
were conducted in children (Singh et al. 2014, Zhang et al. 2015b, Kumar et al. 2018) and reported
increases in TSH levels. Zhang et al. (2015b) reported significant increases in TSH in children from a
fluorosis-endemic area (median fluoride drinking water concentration = 1.40 mg/L; interquartile
range = 1.23–1.57 mg/L) compared with a non-fluorosis-endemic area (median fluoride drinking water
concentration = 0.63 mg/L; interquartile range = 0.58–0.68 mg/L), while 3,5,3’-triiodothyronine (T3) or
thyroxine (T4) were not significantly different between the two groups. Similarly, Singh et al. (2014)
observed significantly higher TSH levels in children without dental fluorosis who lived in a fluorosisendemic area (fluoride drinking water concentrations of 1.6–5.5 mg/L) compared with children without
dental fluorosis who lived in a non-fluorosis-endemic area (fluoride drinking water concentrations of
0.98–1.00 mg/L). Higher TSH levels in children with dental fluorosis from the fluorosis-endemic area
compared with children without dental fluorosis from the non-fluorosis-endemic area were observed
but did not reach statistical significance. Significant differences in T4 or T3 were not observed between
groups (Singh et al. 2014). Kumar et al. (2018) also observed a significant increase in TSH levels in
children from a fluorosis endemic area (1.5–5.8 mg/L fluoride) compared with a control area (0.94–1.08
mg/L fluoride). There were also decreases in T3 and T4, but results were not statistically significant.
Barberio et al. (2017a) evaluated fluoride effects on TSH levels in children and adults combined and
found no relationship between fluoride exposure (measures in urine and tap water) and TSH levels. In
the one study that evaluated thyroid hormone levels in adults but not children, Kheradpisheh et al.
(2018b) found a significant increase in TSH associated with higher fluoride concentrations in drinking
water in both adults with and without thyroid diseases such as hypothyroidism, hyperthyroidism,
thyroid nodules, or thyroid cancer. Significant increases in T3 were associated with higher fluoride in
drinking water in adults without thyroid diseases, but increases in T3 were not significant in adults with
thyroid diseases. A significant association between T4 and higher fluoride in drinking water was not
observed in adults with or without thyroid diseases (Kheradpisheh et al. 2018b).
Other than changes in hormone levels, there is limited evidence of fluoride-related mechanistic effects
in the three lower risk-of-bias studies that evaluated thyroid-related effects. Barberio et al. (2017a)
found no relationship between fluoride exposure and self-reported thyroid conditions in children and
adults (children were older than 12). Kheradpisheh et al. (2018b) also found no association between
fluoride exposure and hypothyroidism in an adult population in Iran. One study found a significantly
higher prevalence of hypothyroidism in areas with higher fluoride concentrations in drinking water
(>0.7 mg/L) compared with areas with lower fluoride drinking water concentrations (≤0.7 mg/L)
(Peckham et al. 2015).
Several higher risk-of-bias studies were available that evaluated potential mechanistic data in humans
associated with fluoride exposure, including effects on thyroid hormones mostly in children
(n = 11 studies); catecholamines in adults (Michael et al. 1996) or in subjects of unknown ages (Chinoy
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and Narayana 1992); acetylcholinesterase (AChE) or serotonin levels in children (Singh et al. 2013, Lu et
al. 2019); brain histopathology or biochemistry in aborted fetuses (Du et al. 2008, Yu et al. 2008); and
mitochondrial fission/fusion molecules in children (Zhao et al. 2019). Similar to the lower risk-of-bias
studies, the higher risk-of-bias studies provide some evidence of mechanistic effects (primarily changes
in TSH levels in children); however, the data are insufficient to identify a clear mechanism by which
fluoride causes neurodevelopmental or cognitive effects in humans.
Among higher risk-of-bias studies (see Figure A3-7 and Figure A3-8), varying results were reported in
11 studies that evaluated fluoride exposure and effects on thyroid hormones, and a few of these studies
(Lin et al. 1991, Wang et al. 2001, Yang et al. 2008) were complicated by high or low iodine in the high
fluoride area. When considering fluoride effects on each of the hormones individually, similar to results
from lower risk-of-bias studies, the most consistent evidence of fluoride-associated effects on a thyroid
hormone was reported as changes in TSH levels in children, although there was some variation in the
direction of effect. Six of the nine higher risk-of-bias studies that evaluated changes in TSH levels in
children reported increases in TSH levels with higher fluoride (Lin et al. 1991, Yao et al. 1996, Wang et al.
2001, Susheela et al. 2005, Yang et al. 2008, Yasmin et al. 2013). Two of the nine higher risk-of-bias
studies reported decreases in TSH levels in children with higher fluoride (Khandare et al. 2017, Khandare
et al. 2018). One of the nine studies found no significant alterations in TSH levels in children from
fluorosis-endemic areas (Hosur et al. 2012) (see Figure 8).
When considering fluoride-associated effects on TSH, T3, and T4 levels together, studies that evaluated
changes in all three thyroid hormones reported varying combinations of increases, decreases, or no
changes in levels across the three hormones, although among the eight lower and higher risk-of-bias
studies that evaluated the effects of fluoride exposure on TSH, T3, and T4 levels and reported increases
in TSH levels in children, seven of the eight studies found no alterations in T3 levels (one study found an
increase in T3), and six of the eight studies found no alterations in T4 levels (two studies found an
increase in T4). Studies also displayed variation by age in fluoride-associated effects on TSH, T3, and T4.
Due to the dynamic relationship between the thyroid gland, the pituitary gland, and the production and
clearance of TSH, T3, and T4, the variations in results are not unexpected and do not eliminate the
possibility of a mechanistic link between thyroid effects and neurodevelopmental or cognitive effects;
however, the data do not support a clear indication that thyroid effects are a mechanism by which
fluoride causes these effects in humans.
In addition to evaluating thyroid hormone levels, a few higher risk-of-bias studies evaluated other
mechanistic data associated with fluoride exposure; however, the data are insufficient to identify a clear
mechanism by which fluoride might cause neurodevelopmental or cognitive effects in humans. Serum
epinephrine and norepinephrine were significantly increased in a fluoride-endemic region (not reported
whether subjects were children or adults) compared to a non-endemic region (Chinoy and Narayana
1992). Serum adrenaline and noradrenaline were significantly increased in adults in a fluoride-endemic
area (fluoride in the drinking water ranged from 1.0–6.53 ppm) compared to a control area (fluoride in
the drinking water ranged from 0.56–0.72 ppm) (Michael et al. 1996). Serum AChE was significantly
reduced in children from a high fluoride region compared to a lower fluoride region (Singh et al. 2013).
Serum serotonin was significantly increased in children from Turkey who were drinking water containing
2.5 mg/L of fluoride compared to children drinking bottled water or water containing <0.5 mg/L of
fluoride (Lu et al. 2019). Aborted fetuses from high fluoride areas in China were found to have
histological changes in the brain and significant changes in neurotransmitter levels compared to a
control area (Du et al. 2008, Yu et al. 2008).
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There are also two more recent lower risk-of-bias studies that evaluated polymorphisms in dopaminerelated genes; however, a determination on mechanism cannot be made at this time due to the limited
number of studies. For children (10–12 years old) with a Val158Met polymorphism in the COMT gene
(i.e., catechol-O-methyltransferase), which results in slower degradation and greater availability of
dopamine within the brain, a stronger association between increasing urinary fluoride levels and
decreasing IQ was reported (Zhang et al. 2015b). For children (7–12 years old) with a dopamine
receptor-2 (DRD2) Taq 1A polymorphism (which is involved in reduced D2 receptor density and
availability) and the TT (variant) genotype, a significant inverse relationship between log urine fluoride
and IQ was observed; however, this significant relationship was not observed in children with the CC
(wild-type) or CT (hybrid) genotypes (Cui et al. 2018).
Figure 7. Number of Lower Risk-of-bias Studies that Evaluated Thyroid Hormones in Children and
Adults by Endpoint and Direction of Effect*

*Interactive figure and additional study details in Tableau®
(https://public.tableau.com/profile/ntp.visuals#!/vizhome/Fluoride_EpiThyroid_UPDATE/Figures6and7). This
figure displays study counts for lower risk-of-bias studies in both children and adults, as these counts are most
relevant to the summary of fluoride-related mechanistic effects in lower risk-of-bias studies. Counts for higher riskof bias studies and studies by age (i.e., children, adults, or children/adults combined) can also be accessed in the
interactive figure in Tableau®. Study counts are tabulated by significance (unless if study footnotes in Tableau
indicate that statistical significance was not tested) —statistically significant increase (↑), statistically significant
decrease (↓), or not significant (NS). For example, the “↑” column displays numbers of unique studies with
significantly increased results.

Figure 8. Number of Higher Risk-of-bias Studies that Evaluated Thyroid Hormones in Children by
Endpoint and Direction of Effect*

*Interactive figure and additional study details in Tableau®
(https://public.tableau.com/profile/ntp.visuals#!/vizhome/Fluoride_EpiThyroid_UPDATE/Figures6and7). This
figure displays study counts for higher risk-of-bias studies in children, as these counts are most relevant to the
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summary of fluoride-related effects on thyroid hormones in higher risk-of-bias studies. Counts for lower risk-of
bias studies, studies in adults, or all studies combined, can also be accessed in the interactive figure in Tableau®.
Study counts are tabulated by significance (unless if study footnotes in Tableau indicate that statistical significance
was not tested) —statistically significant increase (↑), statistically significant decrease (↓), or not significant (NS).
For example, the “↑” column displays numbers of unique studies with significantly increased results.

Animal Learning and Memory Data

In 2016, NTP conducted a systematic review of the available experimental animal studies to develop
level-of-evidence conclusions on the association between fluoride exposure and neurobehavioral
effects, specifically effects related to learning and memory impairment (NTP 2016). As previously
discussed, the evaluation of the animal body of evidence in this assessment is an update to the NTP
(2016) systematic review and is consistent with the methodology and format used in that report.
NTP (2016) identified two main issues with the animal body of evidence related to effects of fluoride
exposure on learning and memory: indirectness and concerns for risk of bias. The concern related to
indirectness was based on the fact that many learning and memory tests rely on a motor response (e.g.,
latency to achieve the desired effect). Changes in motor function or activity levels associated with
fluoride exposures could complicate the interpretation of the results on learning and memory test
performance depending on the outcome measured. The directness of the measure as an indicator of
learning and memory (i.e., the ability to rule out impaired motor or sensory function) was considered
when addressing confidence in the data. Concerns in these studies related to risk of bias included the
following factors: lack of randomization, lack of blinding or other methods to reduce potential bias at
outcome, lack of exposure information, lack of control for litter effects, lack of expected response in the
control animals, and lack of reporting of other key study information such as sample size or sex of the
animals.
Since the NTP (2016) report was published, additional experimental animal studies were identified that
evaluated learning and memory impairment associated with fluoride exposure, including 12
developmental exposure studies (Banala and Karnati 2015, Mesram et al. 2016, Zhu et al. 2017, Banala
et al. 2018, Bartos et al. 2018, Chen et al. 2018, Ge et al. 2018a, Ge et al. 2018b, McPherson et al. 2018,
Sun et al. 2018, Wang et al. 2018, Zhao et al. 2019); 5 Morris water maze study in adults (Zheng et al.
2016, Dong et al. 2017, Niu et al. 2018, Sharma et al. 2018, Yang et al. 2018); and 7 other maze studies
in adults (Shalini and Sharma 2015, Pulungan et al. 2016, Sudhakar et al. 2017, Nageshwar et al. 2018,
Sharma et al. 2018, Raju et al. 2019, Yuan et al. 2019). In addition, 12 studies were identified that
evaluated motor activity/coordination or sensory effects without evaluating learning and memory
impairment (Adedara et al. 2017a, Ahmad et al. 2017, Nageshwar et al. 2017, Agustina et al. 2018,
Kinawy and Al-Eidan 2018, Nkpaa and Onyeso 2018, Sudhakar et al. 2018b, a, Jia et al. 2019, Li et al.
2019, Lu et al. 2019, Manusha et al. 2019).
Although Adedara et al. (2017a) and Nkpaa and Onyeso (2018) evaluated exploration, the authors
concluded that the track plots in the open field novel environment test were consistent with impaired
locomotor activity in the fluoride-treated animals. The additional studies reviewed did not address the
concern of indirectness and most included risk-of-bias concerns; however, a few of these more recent
studies are notable in that they provide results on learning and memory effects that could possibly be
distinguished from effects on motor activity. Bartos et al. (2018) used a step-down inhibitory avoidance
test to evaluate short-term and long-term memory in rat offspring. Although the authors did not discuss
activity in the animals, this test would be expected to result in increased latency in animals if there was
decreased activity with fluoride exposure. The fluoride-treated female offspring, however, had
decreased latency indicating diminished memory of the foot shock. Chen et al. (2018) also evaluated
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female rat offspring (treatment continued until the offspring were 6 months old) and observed an effect
of fluoride on latency to reach the platform and the number of platform crossings in the Morris Water
Maze; however, swimming speed was measured, and no changes were observed. The tracks during the
spatial probe test were also very different in the two higher exposed groups (i.e., 50 and 100 mg/L NaF),
suggesting that the animals did not know the location of the platform. It is not clear if litter effects were
addressed in the study.
After further evaluation of the data available in NTP (2016) and in this update, it is concluded that the
animal data are inadequate to evaluate the effects of fluoride on learning and memory primarily due to
the inability to separate the learning and memory effects from the effects on motor activity or motor
coordination. The majority of the studies that evaluated effects of fluoride on learning and memory did
not also evaluate a motor activity component to determine if the learning and memory effects could be
attributed to motor activity or coordination deficits. Of the studies that did evaluate both learning and
memory and motor activity/coordination, studies mainly found an association between fluoride
exposure and both types of neurological outcomes or found no effect of fluoride exposure on either
type of neurological outcome irrespective of the dose range or duration of dosing. In addition, studies
that found effects on motor activity/coordination or learning and memory often did not provide
sufficient indicators of general health of the animals to reliably attribute impaired performance on a task
to a specific acquisition of learning and memory or motor activity/coordination. The few studies that
provided this information used different test methods or results were inconsistent. Thus, it is difficult to
conclude that evidence from experimental animal studies is meaningful when considering the specific
question of fluoride’s potential influence on human IQ or cognitive function. Based on this
consideration, the experimental animal body of evidence does not contribute to confidence in
conclusions derived from human epidemiological studies with respect to effects on human IQ. Although
the evidence supports an association between fluoride exposure and neurodevelopmental effects, the
data are not sufficient to support the primary effect evaluated in children (i.e., IQ) nor is it sufficient to
support a conclusion on cognitive effects in adults especially in the absence of additional adult human
data.
Mechanistic Data in Animals
There are a wide variety of studies in animals that evaluate mechanistic effects potentially related to
neurological changes following oral fluoride exposure (see Figure 9). Categories of mechanistic
endpoints with the largest amount of available data include changes in biochemical components of the
brain or neurons, neurotransmitters, oxidative stress, histopathology, and thyroid function. Limiting the
data to studies with at least one exposure at or below 20 ppm fluoride drinking water equivalents
(gavage and dietary exposures were back calculated into equivalent drinking water concentrations for
comparison) still provided a sufficient number of studies for evaluation of these mechanistic endpoints.
Neurotransmitter and biochemical changes in the brain and neurons were considered to be the
mechanistic areas with the greatest potential to demonstrate effects of fluoride on the brain of animals
in the lower dose range and provide evidence of changes in the brain that may relate to decreased IQ in
children (see Figure 10). Histological data can be useful in determining whether effects are occurring in
the brain at lower fluoride concentrations; however, author descriptions of these effects may be limited
thereby making it difficult to directly link histological changes in the brain to learning and memory
effects. Oxidative stress is considered a general mechanistic endpoint that cannot be specifically linked
to neurodevelopmental or cognitive effects in humans; however, like histopathology, it may help in
identifying changes in the brain occurring at lower concentrations of fluoride. Although any effects in
the brain or neurological tissue at lower concentrations of fluoride may support reduced IQ in humans,
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it may be difficult to distinguish the potential effects of fluoride on learning and memory functions from
other neurological outcomes (e.g., locomotor activity in animal models).
Figure 9. Number of Animal Mechanistic Studies for Fluoride by Mechanistic Category and Exposure
Level*

*Interactive figure and additional study details in Tableau®
(https://public.tableau.com/profile/ntp.visuals#!/vizhome/Animal_Mechanisms_All_June2019/Figure8). The number of
studies that evaluated mechanistic effects associated with at least one exposure at or below 20 ppm fluoride is tabulated
in the “≤20 ppm” column. The total number of studies per mechanistic category are summarized in the “All” column.

The following sections summarize the mechanistic data by category of mechanistic endpoint. Although
there is some evidence of consistency in mechanistic effects, overall these data are insufficient to
increase confidence or support a change to hazard conclusions.
Neurotransmitters
Twenty of 23 neurotransmitter studies assessed changes in brain cholinesterase activity associated with
fluoride exposure at or below 20 ppm fluoride. Acetylcholine is a major neurotransmitter involved in
learning, memory, and intelligence (Chen 2012, Gais and Schonauer 2017). AChE is responsible for the
breakdown of acetylcholine in the synapses of nerve cells. Changes in cholinesterase, acetylcholine, or
AChE could be related to effects on memory. Evidence of an effect varied among the lower risk-of-bias
studies that assessed changes in cholinesterase or acetylcholine (n = 11 drinking water studies) (Gao et
al. 2008a, Sun et al. 2008, Gao et al. 2009, Chouhan et al. 2010, Liu et al. 2010, Baba et al. 2014,
Akinrinade et al. 2015a, Mesram et al. 2016, Adedara et al. 2017a, Khan et al. 2017, Nkpaa and Onyeso
2018), with the majority of studies reporting evidence of an effect that is considered inconsistent with
the phenotypic outcome. Decreases in cholinesterase will cause increases in acetylcholine, which can
have a positive effect on learning and memory; however, long-term decreases in cholinesterase can lead
to secondary neuronal damage occurring in the cholinergic region of the brain (Chen 2012).
Five of the 11 studies with lower risk of bias (Gao et al. 2009, Baba et al. 2014, Adedara et al. 2017a,
Khan et al. 2017, Nkpaa and Onyeso 2018) found statistically significant decreases in cholinesterase or
AChE in brain homogenates (with some brains dissected into specific regions prior to homogenizing)
with fluoride concentrations in drinking water at or below 20 ppm, and 4 of the 5 studies found
statistically significant decreases in cholinesterase or AChE below 10 ppm. The 5 studies were conducted
in rats (Wistar or Sprague-Dawley) with exposure ranging from 28 days to 6 months. An additional 2 out
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of 11 studies (Gao et al. 2008a, Akinrinade et al. 2015a) reported decreases in brain homogenate AChE
at concentrations at or below 20 ppm fluoride in drinking water, but statistical significance was not
reached. These studies were also conducted in rats with exposure for 30 days or 3 months. Gao et al.
(2008a) reported a dose-dependent decrease in brain homogenate AChE in the low (5 ppm fluoride) and
high (50 ppm fluoride) treatment groups compared with the control group, but the decrease was only
statistically significant in the high dose group. Similarly, Akinrinade et al. (2015a) observed a dosedependent decrease in percent intensity of AChE immunohistochemistry in the prefrontal cortex
associated with 2.1 and 10 ppm sodium fluoride in the drinking water, but neither result was statistically
significant. Gao et al. (2009) found lower brain homogenate AChE levels in the 5-ppm animals compared
with the 50-ppm animals; therefore, the results were not always dose dependent.
Relative to the above-mentioned studies, 2 of the 11 lower risk-of-bias studies observed opposite effects
on brain cholinesterase levels. Sun et al. (2008) observed a significant increase in brain cholinesterase in
Kunming mice associated with fluoride drinking water concentrations from 10 to 100 mg/L, but did not
observe a dose response. Chouhan et al. (2010) did observe a dose-related increase in AChE levels in
brain homogenate of Wistar rats with sodium fluoride concentrations of 1 to 100 ppm for 12 weeks and
noted statistically significant results at 1, 50, and 100 ppm but not at 10 ppm.
Mesram et al. (2016) did not assess changes in AChE but observed a significant decrease in acetylcholine
levels in cerebral cortex homogenate through 30 days of age in rats treated in utero with 20 ppm
sodium fluoride, which may suggest an increase in AChE levels. Likewise, Liu et al. (2010) did not assess
changes in AChE, but measured nicotinic acetylcholine receptors (nAChRs) in brain homogenate of rats
following drinking water fluoride exposure, which the authors stated could modulate physiological and
pharmacological functions that are involved in learning and memory-related behaviors. Significant
decreases in the protein expressions of nAChR subunits at 2.26 ppm fluoride were observed; however,
the corresponding receptor subunit mRNAs did not exhibit any changes (Liu et al. 2010).
The studies that assessed other neurotransmitters of the brain and neurons were too heterogeneous or
limited in number to make any determination on mechanism, even before limiting the review of the
data to lower risk-of-bias studies. There were only five studies that evaluated dopamine and/or
metabolites (Tsunoda et al. 2005, Chouhan et al. 2010, Reddy et al. 2014, Banala et al. 2018, Sudhakar
and Reddy 2018). Four of the studies observed decreases in dopamine levels in the brain with exposures
less than 20 ppm fluoride (Chouhan et al. 2010, Reddy et al. 2014, Banala et al. 2018, Sudhakar and
Reddy 2018); however, the fifth study (Tsunoda et al. 2005) observed increased dopamine and
metabolites at fluoride exposures below 20 ppm (with statistical significance achieved only for the
metabolite homovanillic acid in one brain region). No differences from the control group were observed
at levels above 20 ppm fluoride. Other neurotransmitters were evaluated at or below 20 ppm fluoride
exposure, but generally only in a couple of studies.
Biochemistry (brain/neurons)
Similar to above, the endpoints measured in brain biochemistry studies were too heterogeneous or
limited in number to make any determination on potential relevance of mechanism, even before
limiting the review of the data to lower risk-of-bias studies (see Figure 10). Endpoints related to
biochemical changes in the brain or neurons included carbohydrate or lipid changes, RNA or DNA
changes, changes in gene expression, or changes in protein expression. For the most part, only a single
study was available for any given endpoint. The largest body of evidence on biochemistry was on protein
level in various brain regions. Eleven lower risk-of-bias studies were identified that evaluated protein
levels; however, few studies evaluated the same proteins or areas of the brain. In the few cases where
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the same protein was evaluated, results were not always consistent. These data are insufficient to
increase confidence or support a change to hazard conclusions.
Histopathology
Histopathology of the brain was evaluated in 31 studies with concentrations at or below 20 ppm
fluoride, of which 15 studies had a lower potential for bias (Bhatnagar et al. 2002, Chouhan et al. 2010,
Bhatnagar et al. 2011, Lou et al. 2013, Jiang et al. 2014, Akinrinade et al. 2015a, Guner et al. 2016,
Mesram et al. 2016, Pulungan et al. 2016, Adedara et al. 2017b, McPherson et al. 2018, Nageshwar et al.
2018, Niu et al. 2018, Jia et al. 2019, Zhao et al. 2019). In all but one lower risk-of-bias study [Pulungan
et al. (2016); gavage], animals were exposed to fluoride via drinking water. All lower risk-of-bias studies
were conducted in rodents, and all but three studies were conducted in rats (Wistar [seven studies];
Sprague-Dawley [four studies]; Long-Evans hooded [one study]). Overall, the lower risk-of-bias studies
that evaluated histopathology in the brain had low potential for bias for key questions regarding
randomization and exposure characterization; however, eight studies were rated as probably high risk of
bias for the key risk-of-bias question regarding outcome assessment based on lack of reporting of
blinding of outcome assessors and/or inadequate description of outcome measures or lesions.
Moreover, low image quality in some of the studies hampered the ability to verify the quality of the
data. Further technical review of the 15 lower risk-of-bias studies was conducted by a board-certified
pathologist. Based on confidence in the results for each study, the technical reviewer further
categorized the lower risk-of-bias studies as studies with higher or lower confidence in the outcome
assessment, which is reflected in the following summary of the brain histopathology results. Main
limitations of the histopathology data identified by the pathologist included lack of information on
methods of euthanasia and fixation. Perfusion fixation is generally considered the best practice for
lesions of the central nervous system in addition to complete fixation of the brain prior to its removal
from the skull (Garman et al. 2016). Four of the lower risk-of-bias studies reported that they used this
method (Bhatnagar et al. 2002, Bhatnagar et al. 2011, Pulungan et al. 2016, McPherson et al. 2018). Two
of the lower risk-of-bias studies handled the brains before fixation was complete, which can produce
artifacts that can resemble dead neurons (Nageshwar et al. 2018, Zhao et al. 2019). Fixation and brain
removal details were inadequately described in the remaining lower risk-of-bias studies.
Although there was heterogeneity in the endpoints reported (e.g., cell size, shape, and counts; nuclei
fragmentation; increased vacuolar spaces) and some variation in the consistency of the evidence based
on the area of the brain evaluated, the majority of the lower risk-of-bias studies (11 of 14 drinking water
studies) found some histological change in the brain of rats or mice treated with fluoride at
concentrations at or below 20 ppm, of which 8 studies reported histological changes in the brain at or
below 10 ppm. Histological changes in the hippocampus (one of the areas of the brain most evaluated
for histological changes) associated with fluoride exposures at or below 20 ppm were reported in three
of four lower risk-of-bias studies with higher confidence in the outcome assessment (Bhatnagar et al.
2002, Bhatnagar et al. 2011, Guner et al. 2016) and in three of four lower risk-of-bias studies with lower
confidence in the outcome assessment (Jiang et al. 2014, Nageshwar et al. 2018, Niu et al. 2018).
McPherson et al. (2018) was the only drinking water study (with higher confidence in the histopathology
outcome assessment) that did not observe any histological changes in hippocampus at 10 or 20 ppm
fluoride in male Long-Evans hooded rats exposed in utero through adulthood (>PND80). Although there
are too few studies to definitively explain the inconsistency in results, McPherson et al. (2018) also did
not observe any associations between fluoride exposure and impairments to learning and memory,
which is inconsistent with the majority of developmental exposure studies that observed learning and
impairments associated with fluoride exposure for other strains of rats. Similarly, histological changes in
the cortex were reported in three of the four lower risk-of-bias drinking water studies with higher
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confidence in the outcome assessment (Chouhan et al. 2010, Bhatnagar et al. 2011, Akinrinade et al.
2015a) and in three of four lower risk-of-bias studies with lower confidence in the outcome assessment
(Lou et al. 2013, Mesram et al. 2016, Nageshwar et al. 2018).
Histological changes were also consistently reported in other areas of the brain in studies with higher
confidence in the outcome assessment, including the amygdala, caudate putamen, cerebellum, and
hypothalamus, although each of these areas of the brain were only evaluated in one lower risk-of-bias
study (Bhatnagar et al. 2011, Guner et al. 2016). Pulungan et al. (2016), one of two lower risk-of-bias
studies with higher confidence in the outcome assessment that did not report histological changes in
the brain, observed a decreasing trend in the number of pyramidal cells in the prefrontal cortex with
increasing dose, but this was not changed at concentrations below 20 ppm (study administered sodium
fluoride via gavage; the 5-mg/kg-day dose was considered to be equivalent to 15.3 ppm fluoride in
drinking water) nor were any of the results statistically significant.
Oxidative stress
Oxidative stress in the brain was evaluated in 25 studies that examined concentrations at or below
20 ppm fluoride, of which 15 studies had lower potential for bias (Shan et al. 2004, Chouhan and Flora
2008, Gao et al. 2008b, Gao et al. 2009, Chouhan et al. 2010, Akinrinade et al. 2015b, Zhang et al. 2015a,
Guner et al. 2016, Mesram et al. 2016, Adedara et al. 2017a, Adedara et al. 2017b, Khan et al. 2017,
Bartos et al. 2018, Nageshwar et al. 2018, Nkpaa and Onyeso 2018). All of the lower risk-of-bias studies
were conducted in rats (mainly Wistar or Sprague-Dawley) and administered fluoride via drinking water
with exposure durations ranging from 28 days to 7 months. Although there was heterogeneity in the
endpoints reported (i.e., varying measures of protein oxidation, antioxidant activity, lipid peroxidation,
and reactive oxygen species [ROS]) and some variation in the consistency of the evidence based on the
endpoint, the majority of the studies (13 of 15 studies) (Shan et al. 2004, Gao et al. 2008b, Gao et al.
2009, Akinrinade et al. 2015b, Zhang et al. 2015a, Guner et al. 2016, Mesram et al. 2016, Adedara et al.
2017a, Adedara et al. 2017b, Khan et al. 2017, Bartos et al. 2018, Nageshwar et al. 2018, Nkpaa and
Onyeso 2018) found evidence of oxidative stress in the brains of rats treated with fluoride at
concentrations at or below 20 ppm, of which 10 studies reported oxidative stress in the brain below
10 ppm fluoride. The most consistent evidence of oxidative stress in the brain was reported through
changes in antioxidant activity. Eleven of the 12 lower risk-of-bias studies that evaluated antioxidant
activity reported an effect at concentrations at or below 20 ppm (Gao et al. 2008b, Gao et al. 2009,
Akinrinade et al. 2015b, Guner et al. 2016, Mesram et al. 2016, Adedara et al. 2017a, Adedara et al.
2017b, Khan et al. 2017, Bartos et al. 2018, Nageshwar et al. 2018, Nkpaa and Onyeso 2018). Decreases
in antioxidant activity using measures of superoxide dismutase (SOD) activity were reported in seven of
eight lower risk-of-bias studies (Akinrinade et al. 2015b, Mesram et al. 2016, Adedara et al. 2017a,
Adedara et al. 2017b, Khan et al. 2017, Nageshwar et al. 2018, Nkpaa and Onyeso 2018) and, among
these seven studies, all that also measured changes in catalase (CAT) activity (n = 6 studies) also
reported decreased activity (Mesram et al. 2016, Adedara et al. 2017a, Adedara et al. 2017b, Khan et al.
2017, Nageshwar et al. 2018, Nkpaa and Onyeso 2018). A decrease in total antioxidant capacity (T-AOC)
as a measure of antioxidant activity was also consistently reported in two lower risk-of-bias studies (Gao
et al. 2008b, Gao et al. 2009), and a decrease in glutathione peroxidase (GPx) activity was reported in
two of three lower risk-of-bias studies (Adedara et al. 2017b, Nkpaa and Onyeso 2018).
Relative to the above-mentioned studies, 2 of the 15 lower risk-of-bias studies (Chouhan and Flora 2008,
Chouhan et al. 2010) did not observe statistically significant effects on oxidative stress in the brain with
concentrations at or below 20 ppm fluoride; however, the measure of oxidative stress evaluated in
Chouhan and Flora (2008) and Chouhan et al. (2010) (glutathione [GSH] to oxidized glutathione [GSSG]
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ratio as an indication of antioxidant activity and ROS levels) were not evaluated in any other lower riskof-bias study. Chouhan and Flora (2008) observed a dose-dependent increase in ROS levels associated
with 10, 50, and 100 mg/L sodium fluoride in the drinking water; however, results were not statistically
significant at any dose. In Chouhan et al. (2010), the levels of ROS were significantly higher at 50 ppm
sodium fluoride in drinking water, but statistical significance was not met at doses below 20 ppm
fluoride (1 and 10 ppm sodium fluoride) or at 100 ppm sodium fluoride; yet, hydrogen peroxide levels as
a measure of ROS were found to be significantly increased at 15 ppm sodium fluoride in drinking water
in studies conducted by another group of authors (Adedara et al. 2017a, Adedara et al. 2017b).
Apoptosis/cell death
Seven lower risk-of-bias studies were identified that evaluated apoptosis with concentrations at or
below 20 ppm fluoride. Results from these studies were inconsistent and were insufficient for evaluating
fluoride-induced apoptosis. These data are insufficient to increase confidence or support a change to
hazard conclusions.
Inflammation
Five lower risk-of-bias studies were identified that evaluated potential effects of fluoride on
inflammation with concentrations at or below 20 ppm. The inflammation markers were too
heterogeneous or limited in number to make any determination on potential relevance of mechanism,
even before limiting the review of the data to lower risk-of-bias studies. These data are insufficient to
increase confidence or support a change to hazard conclusions.
Thyroid
Seventeen studies were identified that evaluated potential effects of fluoride on the thyroid with
concentrations at or below 20 ppm (see Figure 9). These animal thyroid data were not evaluated further
due to the lack of consistent evidence in the human data to suggest that thyroid effects are a requisite
mechanism by which fluoride causes neurodevelopmental or cognitive effects in humans.
Figure 10. Number of Lower Risk-of-bias Animal Studies that Evaluated Biochemical,
Neurotransmission, and Oxidative Stress Effects at or Below 20 ppm by Mechanism Subcategory and
Direction of Effect*

*Interactive figure and additional study details in Tableau®
(https://public.tableau.com/profile/ntp.visuals#!/vizhome/Fluoride_Animal_SelectMechanisms_UPDATE/Figure9). This
figure displays study counts for lower risk-of-bias studies, as these counts are most relevant to the text in this section.
Counts for higher risk-of bias studies or all studies combined can be accessed in the interactive figure in Tableau®. Study
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counts are tabulated by significance—statistically significant increase (↑), statistically significant decrease (↓), or not
significant (NS). For example, the “↑” column displays numbers of unique studies with at least one endpoint in the
mechanistic subcategory with significantly increasing results at fluoride exposure levels of ≤20 ppm. These columns are
not mutually exclusive (i.e., a study may report on multiple endpoints with varying results within a single mechanistic
subcategory and therefore may be reflected in the counts for the “↑”, “↓”, and NS columns, but would only be counted
once in the Grand Total column). Endpoints, species, strain, sex, and exposure duration are available for each study in
the interactive figure in Tableau®.

In Vitro/Mechanistic Data on Neurodevelopmental or Cognitive Effects

Although in vitro data were collected as part of the systematic review process, NTP determined that the
information on neurological effects obtained from these studies is too general, and results cannot
necessarily be attributed to effects on learning and memory or other cognitive functions at this time.
The in vitro data may help support specific mechanisms identified from in vivo mechanistic data, but, as
described above, no specific mechanism has been determined for fluoride effects on learning and
memory or other neurodevelopmental or cognitive outcomes.

Evidence Synthesis for Neurodevelopmental or Cognitive Effects

There is consistent evidence that exposure to fluoride is associated with cognitive neurodevelopmental
effects in children. There is moderate confidence in the human data in children from several wellconducted prospective studies with limited sample sizes, supported by a large number of functionallyprospective cross-sectional studies. The human body of evidence in adults is considered inadequate to
evaluate whether fluoride exposure is associated with cognitive effects due to low confidence in the
human data in adults, a limited number of studies, and a lack of evidence of an effect (i.e., there is not
sufficient evidence of an effect, but the confidence in the data is not high enough to conclude that there
is no effect). The animal data are inadequate to evaluate for learning and memory or cognitive effects
primarily due to the inability to distinguish effects on learning and memory outcomes from other effects
on the nervous system including motor activity. The animal studies are considered inadequate to
support the IQ effects in children but provide evidence of other neurodevelopmental effects. There is
also evidence from mechanistic studies of adverse neurological effects of fluoride of unknown
relationship to learning and memory.
The moderate confidence in the body of evidence in children translates to a moderate level of evidence
that fluoride is associated with decreased IQ and other cognitive neurodevelopmental effects in
children. The limited and weaker evidence of cognitive effects in adults is considered to provide an
inadequate level of evidence that fluoride is associated with cognitive effects in adults. The animal body
of evidence is also considered to provide an inadequate level of evidence for cognitive effects in adults.
Integration of these level-of-evidence conclusions supports an initial hazard conclusion of presumed to
be a cognitive neurodevelopmental hazard to humans because of the extent, consistency, and
magnitude of effect in the available data in children. Because most of the available studies evaluated
intelligence in children, the primary focus in human data was on IQ and other cognitive
neurodevelopmental effects, which is the primary basis for the hazard conclusion. A separate conclusion
on other neurodevelopmental effects was not reached based on limited information in humans. It is
unlikely that evaluation of additional neurodevelopmental effects would change the hazard conclusion.
The moderate level of evidence in the human data in children supports a hazard conclusion of presumed
instead of suspected due to the relatively large and consistent body of evidence, especially in relation to
measures of IQ (all 13 lower risk-of-bias studies that assessed IQ reported that higher fluoride is
associated with at least one measure of decreased IQ) across multiple populations. A conclusion of
presumed is also supported by the relatively large magnitude of effect observed in two well-designed
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and well-conducted Canadian and Mexican prospective cohort studies of children where repeated
urinary fluoride levels were assessed during pregnancy [i.e., for full-scale IQ, a 4.49-point decrease in
boys per 1-mg/L increase in maternal urinary fluoride, a 3.66-point decrease in boys and girls combined
per 1-mg increase in maternal total fluoride intake, and a 5.29-point decrease in boys and girls
combined per 1-mg/L increase in water fluoride concentration (Green et al. 2019); and a 2.5-point
decrease in full-scale IQ in boys and girls combined per 0.5-mg/L increase in maternal urinary fluoride
(Bashash et al. 2017)]. Additional functionally-prospective cross-sectional studies present a consistent
pattern of evidence that exposure to fluoride is associated with decreased IQ, which provides further
support for the presumed hazard conclusion. Furthermore, the presumed hazard conclusion is supported
by the low expectation that new studies would decrease the hazard conclusion.
Effects in children
• Human body of evidence: Moderate Confidence = Moderate Level of Evidence
•

Animal body of evidence: No studies available to specifically assess effects on learning and
memory after exposure during developmental periods separately from other neurological
effects including motor activity = Inadequate Level of Evidence

•

Initial hazard conclusion (Moderate Human x Inadequate Animal) = Presumed to be a
Cognitive Neurodevelopmental Hazard to Humans

•

Final hazard conclusion (after consideration of biological plausibility) = Presumed to be a
Cognitive Neurodevelopmental Hazard to Humans

Effects in adults
• Human body of evidence: Low Confidence with no discernible effect = Inadequate Level of
Evidence
•

Animal body of evidence: No studies available to specifically assess effects on learning and
memory after exposure in adulthood separately from other neurological effects including
motor activity = Inadequate Level of Evidence

•

Initial hazard conclusion (Inadequate Human x Inadequate Animal) = Not classifiable

•

Final hazard conclusion (after consideration of biological plausibility) = Not classifiable
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Table 7. Neurodevelopmental and Cognitive Function Evidence Profile for Fluoride

Publication
Bias

Large
Magnitude

Dose
Response

Residual
Confounding

Consistency
Species/Model

Human IQ or cognitive function tests in children*
Initial Moderate
(4 prospective cohort
------studiesa; 9 cross-sectional
b
studies )
Initial Low
------(5 cross-sectional studies)c
Human IQ or cognitive function tests in adults**
Initial Low
------(2 cross-sectional studies)d
Animal learning and memory or cognitive function
Inadequate to assess effects in human

Factors increasing confidence
“---” if not present; “↑” if
sufficient to upgrade
confidence

Imprecision

Indirectness

Unexplained
Inconsistency

INITIAL CONFIDENCE for
each body of evidence
(# of studies)

Risk of Bias

Factors decreasing confidence
“---” if no concern; “↓” if serious
concern to downgrade confidence

FINAL
CONFIDENCE
RATING

---

---

---

---

---

---

Moderate

---

---

---

---

---

---

Low

---

---

---

---

---

Low

---

References:

Human: Barberio et al. (2017b)c; Bashash et al. (2017)a; Bashash et al. (2018)a; Choi et al. (2015)b; Cui et al. (2018)c;
Das and Mondal (2016)b; Ding et al. (2011)b; Green et al. (2019)a; Jacqmin et al. (1994)d; Li et al. (2008a)b; Li et al.
(2016)d; Rocha-Amador et al. (2007)b; Rocha-Amador et al. (2009)b; Saxena et al. (2012)b; Seraj et al. (2012)b; Valdez
Jimenez et al. (2017)a; Xiang et al. (2003)c; Xiang et al. (2011)c; Yu et al. (2018)b; Zhang et al. (2015b)c
*This includes learning disabilities, neonatal behavioral neurological assessment, mental development index,
memory score for copy, and immediate recall.
**This includes Mini-Mental State Examination scores, psychomotor performance, and memory.
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DISCUSSION
Based on the systematic review of the evidence, the NTP concludes that fluoride is presumed to be a
cognitive neurodevelopmental hazard to humans. This conclusion is based on a moderate level of
evidence that higher fluoride exposure is associated with decreased IQ and other cognitive effects in
children. Limited and weaker evidence is considered to provide an inadequate level of evidence that
fluoride is associated with cognitive effects in adults. The primary focus of the human data was on IQ
and cognitive neurodevelopmental effects, which is why the conclusion was based on these data. After
further evaluation of the experimental animal data available in NTP (2016) and in this update, it is
concluded that the animal data are inadequate to evaluate the effects of fluoride on learning and
memory to support the cognitive effects observed in humans primarily due to the inability to separate
the learning and memory effects from the effects on motor activity or motor coordination. The animal
data do provide evidence for effects of fluoride on neurodevelopment; however, other
neurodevelopmental outcomes were not further evaluated because of the limited information in
humans. Biological plausibility of effects from mechanistic studies was considered but did not
significantly influence the conclusions. Although multiple categories of mechanistic data were evaluated
and provide some evidence of adverse effects in the brain, the mechanistic basis for fluoride-associated
cognitive neurodevelopmental is not sufficiently understood for these findings to contribute to the
overall confidence assessment.
The human body of evidence provides a consistent pattern of findings that higher fluoride exposure is
associated with decreased IQ in children. The four lower risk-of-bias prospective cohort studies and nine
lower risk-of-bias cross-sectional studies that are considered functionally prospective in nature are the
primary basis for the moderate level of evidence from human studies. The evaluation of the animal body
of evidence in this assessment is an update to the NTP (2016) systematic review on the association
between fluoride exposure and neurobehavioral effects related to learning and memory in animals,
which identified a main concern related to indirectness based on the fact that many learning and
memory tests rely on a motor response (e.g., latency to achieve the desired effect). The update of the
animal data focused on addressing this indirectness concern and the difficulty in distinguishing potential
effects of fluoride on motor and sensory functions from effects specifically on learning and memory
functions. Further examination of the literature has not provided clarification of this issue. Due to the
inability to separate these effects from the other effects on the nervous system, including motor activity
or motor coordination, the animal body of evidence is now considered inadequate to contribute to the
evaluation of cognitive effects in humans. Although the animal data are not considered sufficient to
specifically support the IQ changes observed in children, the data do support possible
neurodevelopmental effects.
The NTP conclusion that fluoride is presumed to be a cognitive neurodevelopmental hazard to humans is
supported by the extent, consistency, and magnitude of the effect in the available data in children. All
13 lower risk-of-bias studies reported that higher fluoride exposure is associated with at least one
measure of decreased IQ in children across multiple populations. A conclusion of presumed is also
supported by the relatively large magnitude of effect observed in two well-designed and well-conducted
Canadian and Mexican prospective cohort studies of children where repeated maternal urinary fluoride
levels were assessed during pregnancy [i.e., for full-scale IQ, a 4.49-point decrease in boys per 1-mg/L
increase in maternal urinary fluoride, a 3.66-point decrease in boys and girls combined per 1-mg
increase in maternal total fluoride intake, and a 5.29-point decrease in boys and girls combined per
1-mg/L increase in water fluoride concentration (Green et al. 2019); and a 2.5-point decrease in fullscale IQ in boys and girls combined per 0.5-mg/L increase in maternal urinary fluoride (Bashash et al.
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2017)]. Additional functionally-prospective cross-sectional studies provided further support for the NTP
conclusion, presenting a consistent pattern of evidence that exposure to fluoride is associated with
decreased IQ. Furthermore, there is a low expectation that new studies would change the hazard
conclusion.
There are few studies in humans and numerous studies in animals that evaluate mechanistic effects
related to fluoride exposure. There are sufficient mechanistic data to determine that fluoride exposure
at lower concentrations has effects on the nervous system; however, for the cognitive
neurodevelopmental outcome evaluated, there are insufficient data to support a specific mechanism or
mode of action. Due to the large number of mechanistic studies conducted in animals, evaluation of the
mechanistic data in animals focused on studies that had exposures more relevant to humans (i.e.,
≤20 ppm in the drinking water). Changes in AChE, which could potentially be related to cognitive effects
such as IQ, were evaluated in one study in children and several studies in animals (measured in both the
blood and in areas of the brain); however, the majority of these studies, including the study in children,
reported results inconsistent with the phenotypic outcome. Animal studies that evaluated changes in
other neurotransmitters and other biochemical measures provide some evidence of effects in the brain,
but the data are limited due to the heterogeneity of the outcomes measured. Most consistently, studies
evaluating histopathology and oxidative stress demonstrated that effects can occur in the brains of
animals at or below 20 ppm, which, without supporting a specific mechanism or mode of action relevant
to learning and memory impairments, provides evidence of an association between exposure to lower
concentrations of fluoride and neurological effects in animals. Therefore, the evidence of neurological
effects at exposure levels more relevant to humans that is demonstrated in the mechanistic data
supports the NTP conclusion that fluoride is presumed to be a cognitive neurodevelopmental hazard to
humans; however, it does not provide enough evidence to increase confidence in the human body of
evidence or support a higher hazard identification conclusion.

Generalizability to the U.S. Population
For many years, fluoride concentrations were adjusted to levels between 0.8 and 1.2 mg/L in fluoridated
community water systems in the United States. The U.S. Public Health Service recommended an
adjustment downward to a fluoride concentration of 0.7 mg/L because of evidence of an increase in
dental fluorosis in children (US DHHS 2015). In the 2013–2014 National Health and Nutrition
Examination Survey (NHANES), a nationwide survey in the United States, data were released for fluoride
concentrations in water for U.S. children and adolescents (≤19 years old). Water fluoride levels ranged
from approximately 0.03 to 1.5 mg/L in the NHANES data, although the sources of the fluoride (naturally
occurring or fluoridated water) are not reported (Jain 2017).
NTP’s conclusion that fluoride is presumed to be a cognitive neurodevelopmental hazard to humans is
based on consistent evidence from 18 lower risk-of-bias studies that evaluated fluoride exposure and
effects on children’s IQ and other cognitive effects. Although there are many studies that evaluated
associations between fluoride in the drinking water and IQ in children, no studies evaluating IQ were
conducted in the United States. Generalizing the results from the IQ studies in this evaluation to the U.S.
population can be difficult, in part because many studies were conducted in areas with fluoride drinking
water concentrations that are much higher than drinking water fluoride concentrations in the United
States. Among the human body of evidence evaluated for this assessment (including lower and higher
risk-of-bias studies), there are 31 studies that evaluated associations between fluoride in drinking water
and IQ in children and compared a reference or low exposure group to higher fluoride-exposed groups.
Of these 31 studies, only 8 studies included fluoride exposure groups with fluoride concentrations <1.5
mg/L [i.e., fluoride exposure groups that would potentially be relevant to levels observed in the United
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States based on NHANES data (Jain 2017)] (Xu et al. 1994, Zhang et al. 1998, Xiang et al. 2003, Qin et al.
2008, Sudhir et al. 2009, Broadbent et al. 2015, Sebastian and Sunitha 2015, Zhang et al. 2015b). Of
these eight studies, only two studies were considered to have lower risk of bias (Xiang et al. 2003, Zhang
et al. 2015b).
In addition to these two studies mentioned above, several other studies that evaluated fluoride
exposure on a continuous basis could be used to assess generalizability to the United States. This
includes studies that examined fluoride exposure levels below 1.5 mg/L for which a dose response could
be assessed. Table 8 provides a summary of children’s IQ studies that evaluated lower fluoride
exposures (<1.5 mg/L) in drinking water and/or urine (assuming, for comparison purposes, an
approximate 1-to-1 equivalence between drinking water fluoride and urinary fluoride concentrations)
and provided information to evaluate dose-response in the lower fluoride exposure range (e.g., three or
more fluoride exposure groups or dose-response curve provided). Based on review of these studies,
there is uncertainty if IQ changes in children occur at lower fluoride levels.
Among studies with lower risk of bias, four of eight studies (Xiang et al. 2003, Zhang et al. 2015b, Das
and Mondal 2016, Green et al. 2019) applied regression models to individual exposure outcome
measures and observed a linear association between urinary fluoride levels and decreased IQ in children
even at the lower fluoride concentrations. However, two of these studies (Xiang et al. 2003, Zhang et al.
2015b) did not find an association between IQ and drinking water levels below 1.5 mg/L. Xiang et al.
(2003) observed a significant decrease in IQ comparing endemic and nonendemic villages, but when
they grouped children from the endemic villages by exposure level, they did not observe a significant
decrease in IQ for children exposed to lower mean exposure levels (0.75 mg/L). Although a significant
difference in IQ might not be expected due to the fact that there were only nine children in this group,
the difference was less than one point in IQ. Zhang et al. (2015b) used a simple correlation and did not
observe a significant relationship between fluoride levels in the drinking water (with concentrations up
to 1.57 mg/L) and IQ. The other four of eight studies do not provide a clear dose-response at the lower
fluoride levels. Bashash et al. (2017) concluded that there was no clear association between IQ scores
and maternal urinary fluoride below 0.8 mg/L. Yu et al. (2018) observed a correlation between
decreased IQ in children and fluoride exposure only with concentrations in drinking water above 3.4
mg/L or with urinary fluoride concentrations of 1.6 mg/L or higher. The study authors did note a
decreased probability of having an IQ above 130 (i.e., 40% fewer people with high IQ for every 0.5-mg/L
increase in fluoride) with water fluoride levels between 0.20 and 1.40 mg/L, but this was not observed
with higher levels of fluoride. Although Cui et al. (2018) noted that IQ decreased in a “roughly linear
manner” with increasing urinary fluoride, this is only apparent in the results for the TT genotype; based
on the dose-response, the authors concluded that the “safety threshold” was 1.73 mg/L. Ding et al.
(2011) looked at mean differences for 10 different exposure groups and found notable decreases from
the mean above approximately 1 mg/L.
Although we may have less confidence in the findings from higher risk-of-bias studies, six studies
identified with potential dose-response information demonstrated a similar uncertainty at the lower
fluoride concentrations. Surprisingly, three of the studies (Xu et al. 1994, Qin et al. 2008, Aravind et al.
2016) found that the lowest IQ scores were in areas with the lowest and the highest fluoride
concentrations. In these studies, the lowest fluoride concentrations ranged from 0.1–0.2 mg/L fluoride
in Qin et al. (2008) to <1.2 mg/L in Aravind et al. (2016). Li et al. (1995) and Sebastian and Sunitha (2015)
only observed a decrease in IQ at concentrations above 2 mg/L. Sudhir et al. (2009) observed a
significant increase in IQ grade (which is associated with a decrease in IQ) at concentrations of 0.7–1.2
mg/L.
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Table 8. Human Studies with Lower Fluoride Exposure and Effects on IQ
Study

Exposure measures [mean ± SD (range)]

Notes

Lower risk-of-bias studies
Bashash et al. (2017)

Maternal urine during pregnancy (mg/L)
0.90 ± 0.35 (0.23–2.36)
Children’s urine (mg/L)

Authors concluded that the model suggested a
nonlinear relationship with no clear association
between IQ scores and maternal urine below 0.8
mg/L.

0.82 ± 0.38 (0.18–2.8)
Green et al. (2019)

Maternal urine during pregnancy (mg/L)
0.51 ± 0.36 (0.06–2.44)
0.40 ± 0.27 non-fluoridated areas
0.69 ± 0.42 fluoridated areas
Maternal intake during pregnancy (mg/day)
0.54 ± 0.44 (0.01–2.65)
0.30 ± 0.26 non-fluoridated areas
0.93 ± 0.43 fluoridated areas

Statistical methods indicated that including
quadratic or natural-log effects of maternal urine
or intake did not significantly improve the
model. In addition, the authors tested separate
models with two linear splines to see if the effect
of maternal urinary fluoride or maternal fluoride
intake significantly differed between lower and
higher levels based on knots set at 0.5, 0.8, and
1.0 mg/L for urine and 0.4, 0.8, and 1 mg for
intake. There were no differences.

Drinking water (mg/L)
0.31 ± 0.23 (0.04–0.871)
0.13 ± 0.06 non-fluoridated areas
0.59 ± 0.08 fluoridated areas
Cui et al. (2018)

Drinking water (mg/L)*
0.20–1.00 non-endemic
1.52–2.49 endemic
Children’s urine
Levels not provided; log-transformed with range of
approximately −1.2–2.2

Study authors noted that the IQ decreased in a
“roughly linear manner as the log-urine fluoride
increased.” TT genotypes of the dopamine
receptor D2 gene had the strongest negative
correlation between log-urine fluoride and IQ
scores. The study authors determined a safety
threshold of urine fluoride levels in subgroup TT
as 1.73 mg/L.
Drinking water fluoride levels were used to
select children from different areas but were not
used in the analysis.

Das and Mondal (2016)

Groundwater (mg/L)*

Based on simple regression, there was a steady
decline in IQ with increasing urinary fluoride and
increasing exposure dose.

2.11 ± 1.64 (0.25–9.40)
Children’s urine (mg/L)

Groundwater fluoride levels were not used in the
analysis but were used in calculating the
children’s exposure dose.

0.45–17.00
Children’s exposure dose (mg/kg-day)
0.017–0.203
Ding et al. (2011)

Drinking water (mg/L) *

Although there was a significant correlation
between urinary fluoride and IQ score, the main
drop in IQ occurred at urinary fluoride levels of
approximately 0.7–1.2 mg/L. At levels below 0.7
mg/L, data suggest a plateau with no apparent
change in IQ compared with the mean.

1.31 ± 1.05 (0.24–2.84)
Children’s urine (mg/L)
0.10–3.55

Drinking water fluoride levels were not used in
the analysis.
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Table 8. Human Studies with Lower Fluoride Exposure and Effects on IQ
Study
Xiang et al. (2003)

Exposure measures [mean ± SD (range)]
Drinking water (mg/L)*
0.36 ± 0.15 (0.18–0.76) non-endemic village
2.47 ± 0.79 (0.57–4.50) endemic village
Endemic subgroups:
group A: 0.75 ± 0.14
group B: 1.53 ± 0.27
group C: 2.46 ± 0.30
group D: 3.28 ± 0.25
group E: 4.16 ± 0.22

Notes
IQ in group A in the endemic village was not
significantly decreased compared with the nonendemic village, but IQ in all other groups was
significantly decreased. Although there were
only 9 children in group A, the IQ difference was
<1 point. Based on simple regression, there was
a steady decline in IQ with increasing urinary
fluoride.

Children’s urine (mg/L)
1.11 ± 0.39 (0.37–2.50) non-endemic village
3.47 ± 1.95 (0.90–12.50) endemic village
Yu et al. (2018)

Drinking water (mg/L)*

Study authors reported that participants'
intelligence presented inverse non-linear doseresponse relationships with fluoride content,
with obvious decreases at relatively high level of
fluoride exposure (drinking water fluoride levels
at 3.4–3.90 mg/L and urinary fluoride levels at
1.60–2.50 mg/L). Study authors also note a
decreased odds for having IQ ≥ 130 with drinking
water fluoride at 0.20–1.40 mg/L (40% decrease
with each 0.5-mg/L increase in fluoride), but not
at higher concentrations.

0.50 ± 0.27 normal
2.00 ± 0.75 high
Children’s urine (mg/L)
0.41 ± 0.49 normal
1.37 ± 1.08 high

Zhang et al. (2015b)

Drinking water (mg/L)
0.63 (0.58–0.68) control
1.40 (1.23–1.57) endemic fluorosis

There was a steady decline in IQ with increasing
serum or urinary fluoride levels. A simple
correlation did not find drinking water fluoride
significantly correlated with IQ.

Children’s urine (mg/L)
1.1 ± 0.67 control
2.4 ± 1.01 endemic fluorosis
Children’s serum (mg/L)
0.06 ± 0.03 control
0.18 ± 0.11 endemic fluorosis

Higher risk-of-bias studies
Aravind et al. (2016)

Drinking water (mg/L)*

Mean IQ scores (transformed into percentiles)
were highest in the medium fluoride area for
both boys and girls.

<1.2 low fluoride area
1.2–2 medium fluoride area
>2 high fluoride area
Li et al. (1995)

Children’s urine (mg/L)

A significant decrease in IQ was observed in the
medium and severe fluorosis areas compared to
the non-fluorosis area.

1.02 non-fluorosis area
1.81 slight fluorosis area
2.01 medium fluorosis area
2.69 severe fluorosis area

Children’s urine was used as an individual
measure of exposure to verify that the areas had
different fluoride exposure levels; however,
analysis was conducted based on residential
area.
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Table 8. Human Studies with Lower Fluoride Exposure and Effects on IQ
Study
Qin et al. (2008)

Exposure measures [mean ± SD (range)]
Drinking water (mg/L)*

Average IQ scores (transformed into
percentages) were significantly lower in both the
low and high fluoride areas compared with the
normal fluoride area.

0.1–0.2 low fluoride area
0.5–1.0 normal fluoride area
2.1–4.0 high fluoride area
Sebastian and Sunitha (2015)

Drinking water (mg/L)*

A significant decrease in mean IQ score of
children living in the high fluoride area compared
with the low and normal fluoride areas was
reported. Binary regression models using the low
fluoride village as a reference observed an
increased odds ratio (1.74) for increased IQ
scores in the normal fluoride village and a
decreased odds ratio (0.59) in the high fluoride
village.

0.40 (low fluoride village)
1.2 (normal fluoride village)
2.0 (high fluoride village)

Sudhir et al. (2009)

Notes

Drinking water (mg/L)*

The number of intellectually impaired children
gradually increased with increasing fluoride
concentration in the drinking water with an
increase in IQ grade (which indicates a decrease
in IQ) observed in the 0.7–1.2 mg/L villages.

<0.7 (level 1 villages)
0.7–1.2 (level 2 villages)
1.3–4.0 (level 3 villages)
>4.0 (level 4 villages)

Children were placed in exposure groups based
on Water Works Department records. Although
children brought in water for verification of
strata, it was not collected from all children but
only from the first child using a different source
of water. Therefore, it is considered group-level
data.
Note that all groups had a large proportion in the
“intellectually impaired” category.

Xu et al. (1994)

Drinking water (mg/L)*

Both low and high fluoride areas had IQ levels
approximately 3 points below the IQ levels in the
control area. There was no difference in IQ
between the low and high fluoride areas.

0.8 (control area)
0.38 (low fluoride area)
1.8 (high fluoride area)

*Data are group-level exposure data; exposure data without the asterisks are individual-level exposure data.
1
Range data were obtained from Till et al. (2018).

The conclusion that fluoride is presumed to be a cognitive neurodevelopmental hazard in children is
based on the consistency of the data; however, most lower risk-of-bias studies observed effects with
drinking water concentrations above 1.5 mg/L. As noted above, describing the effects at 1.5 mg/L or
below, which is more relevant to the exposures observed in the U.S. population, including from
community water fluoridation, is more difficult. In the reviewed studies, when limiting studies to those
that evaluated IQ at fluoride levels across a continuum that included the low dose range, results are less
consistent.

Limitations of the Evidence Base
Few limitations exist in the lower risk-of-bias epidemiological studies used for the basis of the hazard
conclusion. The main limitations in lower risk-of-bias epidemiological studies include:
•

Few studies were available that assessed the association between fluoride exposure and the
following:
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•

o

Neurodevelopmental or cognitive effects in subjects from communities served by
optimally fluoridated versus non-fluoridated water systems.

o

Neurobehavioral (i.e., cognitive) effects (particularly IQ) in adults.

o

Attention-related disorders including ADHD.

Studies rarely separated the results by gender or provided information to indicate that gender
was not a modifying factor, which limits the ability to evaluate how the association between
fluoride exposure and cognitive neurodevelopmental effects in children might differ by gender.

Limitations in the epidemiological studies with higher risk of bias include:
•

Many of the original publications were in a foreign language and provided limited details on
methodology.

•

Some studies lacked information regarding exposure and/or had serious limitations in the
exposure assessment. Exposure assessment concerns include limited individual exposure
information, a lack of information on fluoride sampling methods and timing of the exposure
measurements, a lack of quantitation of levels of fluoride in drinking water, and a lack of
individual-level information on fluorosis in areas reported to be endemic for fluorosis.

•

The comparison groups in studies conducted in areas endemic for fluorosis may have still been
exposed to high levels of fluoride or levels similar to those used in water fluoridation in the
United States. This factor may have limited the ability to detect true effects.

•

Most studies did not provide sufficient direct information (e.g., participation rates) to evaluate
selection bias.

•

Failure to address potential confounders was a main issue. Many studies conducted simple
statistical analyses without accounting for any potential confounders. In cases where
adjustments in analyses were made, often these studies did not account for potential
confounders considered critical for that study population and outcome.

•

Studies conducted in areas with high, naturally-occurring fluoride levels in drinking water often
did not account for potential exposures to arsenic or iodine deficiencies in study subjects.

•

Many studies did not account for potential exposures to lead as a residual confounder.

•

Many studies lacked information on whether the outcome assessors were blind to the exposure
group, including studies that examined children in their schools and subjects from high-fluoride
communities.

Limitations in the animal studies include:
•

The main limitation in the animal studies was the inability to separate possible learning and
memory effects from effects on motor activity/coordination or sensory effects.

•

Few learning and memory studies in animals evaluated motor activity or sensory effects. Studies
that did evaluate motor activity or sensory effects often lacked discussion on general health of
the animals when the endpoints measured could be affected by deficits in motor activity or
sensory, such as latency to achieve a desired result.
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A key data gap in the human and animal bodies of evidence includes the need for mechanistic insight
into fluoride-related neurodevelopmental or cognitive changes.

Limitations of the Systematic Review
There are no major limitations of the systematic review. The human body of evidence included a large
database of observational studies. Most of the observational studies were cross-sectional; however,
nine of these were considered to be functionally prospective in nature. In addition, the systematic
review covered a wide range of study designs, populations, and measures of fluoride exposure. The
systematic review was designed to cover reports on all potential mechanistic data including effects on
the thyroid. After review of the studies evaluating thyroid effects, studies that only evaluated goiters
and other effects on thyroid size were not considered in this review. This is not considered a limitation
because changes in thyroid size are not functional changes to the thyroid that could specifically indicate
a mechanism for thyroid involvement in neurodevelopment. In addition, review of the mechanistic data
was limited to in vivo studies with at least one concentration below 20 ppm. This is not considered a
limitation for the systematic review since the mechanistic body of evidence was used to evaluate
biological plausibility for the effects observed in humans; therefore, data were limited to concentrations
that would be more reflective of human exposures. The decision to not more closely evaluate the in
vitro data is not considered a limitation because there were sufficient in vivo data, and no key events
were identified where in vitro data would provide additional insight.

CONCLUSION
NTP concludes that fluoride is presumed to be a cognitive neurodevelopmental hazard to humans. This
conclusion is based on a consistent pattern of findings in human studies across several different
populations showing that higher fluoride exposure is associated with decreased IQ or other cognitive
impairments in children. However, the consistency is based primarily on higher levels of fluoride
exposure (i.e., >1.5 ppm in drinking water). When focusing on studies with exposures in ranges typically
found in the water distribution systems in the United States (i.e., approximately 0.03 to 1.5 ppm
according to NHANES data) that can be evaluated for dose response, effects on cognitive
neurodevelopment are inconsistent, and therefore unclear. There is inadequate evidence to determine
whether fluoride exposure lowers IQ or impairs cognitive function in adults. The human evidence
indicating that fluoride exposure is associated with other neurodevelopmental effects, beyond IQ or
other cognitive measures, is limited due to the small number of human studies that evaluated any given
neurodevelopmental effect other than IQ or cognitive function. Although conclusions were reached by
integrating evidence from human and animal studies with consideration of relevant mechanistic data,
the conclusions are based primarily on the human evidence. The evidence from animal studies is
inadequate to inform conclusions on cognitive effects, and the mechanisms underlying fluorideassociated cognitive neurodevelopmental effects are not well characterized.
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DATA FIGURES
Neurodevelopmental or Cognitive Effects and Outcomes
Figure D1. IQ Distribution in Children by Fluoride Exposure (lower risk-of-bias studies; presented as %
in area or % of total group)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
Differences in intelligence between the reference group and treatment groups were statistically significant
although significance was not reported separately for each score level.
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Figure D2. Mean IQ in Children by Fluoride Exposure (lower risk-of-bias studies)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
For all studies, SDs are available and can be viewed in HAWC by clicking the data points within the plot area;
however, 95% CIs could not be calculated for Seraj et al. (2012) because Ns are not available for exposure groups.
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Figure D3. Intelligence Grade in Children by Fluoride Exposure (lower risk-of-bias studies; presented as
mean)

Interactive figure and additional study details in HAWC here.
For Saxena et al. (2012), children's intelligence was measured using the Raven's Standard Progressive Matrices.
Children's scores were converted to percentile and specific grades were allotted based on the percentiles. Grades
ranged from intellectually superior (Grade I) to intellectually impaired (Grade V).

Figure D4. Mean Change in IQ in Children by Fluoride Exposure (lower risk-of-bias studies)

Interactive figure and additional study details in HAWC here.
For Ding et al. (2011), SDs are available and can be viewed in HAWC by clicking the data points within the plot area;
however, 95% CIs could not be calculated because Ns for each exposure group are not available.
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Figure D5. IQ Score in Children by Fluoride Exposure (lower risk-of-bias studies; presented as adjusted
OR)

Interactive figure and additional study details in HAWC here.
For Xiang et al. (2011), there was a significant linear trend across different levels of serum fluoride for IQ score < 80
(p < 0.001). For Yu et al. (2018), significance levels by IQ score were not reported.
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Figure D6. Correlations between IQ Score and Fluoride Exposure in Children (lower risk-of-bias studies;
presented as coefficient)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
For Saxena et al. (2012), a significant relationship between water fluoride level and intelligence grade was
observed. Increasing intelligence grades reflected increasing levels of impairment (reduced intelligence) in
children.
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Figure D7. Correlations between IQ Score and Fluoride Exposure in Children (lower risk-of-bias studies;
presented as adjusted beta)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
For Yu et al. (2018), authors note an obvious decrease in the IQ score at water fluoride exposure levels between
3.40 mg/L and 3.90 mg/L and a similar adverse effect on IQ scores at urinary fluoride exposure levels from 1.60
mg/L to 2.50 mg/L, and so the changes in IQ score are indicated as significant; however, significance levels by
change in IQ score were not reported.
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Figure D8. Mean Motor/Sensory Scores in Children by Fluoride Exposure (lower risk-of-bias studies)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
95% CIs are small and are within figure symbols and may be difficult to see. Values for SDs and 95% CIs can be
viewed in HAWC by clicking the data points within the plot area.

Figure D9. Correlations between Other Neurological Effects and Fluoride Exposure in Children (lower
risk-of-bias studies; presented as coefficient)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
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Figure D10. Correlations between Other Neurological Effects and Fluoride Exposure in Children (lower
risk-of-bias studies; presented as adjusted beta)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
Bashash et al. (2018) observed significant associations between maternal urinary fluoride and ADHD-like
symptoms related to inattention (an increase in 0.5 mg/L of maternal urinary fluoride was associated with a 2.84point increase in the DSM-IV Inattention Index and a 2.54-point increase in Cognitive Problems and Inattention
Index). These two scales contributed to the global ADHD Index and the DSM-IV ADHD Total Index shown here.
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Figure D11. Correlations between Other Neurological Effects and Fluoride Exposure in Children (lower
risk-of-bias studies; presented as adjusted OR)

Interactive figure and additional study details in HAWC here. "F" represents fluoride.
Drinking water results for Barberio et al. (2017b) have a large confidence interval and are not completely visible in
the figure. 95% CIs are 0.068–11.33 and can be viewed in HAWC by clicking the OR within the plot area.

Figure D12. Cognitive Impairment in Adults by Fluoride Exposure (lower risk-of-bias studies; presented
as % of total group)

Interactive figure and additional study details in HAWC here.
Results from Li et al. (2016) suggested that fluoride exposure may be a risk factor for cognitive impairment in
elderly subjects; however, results from the study were not conducive to presentation in this visualization.
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APPENDICES
Appendix 1. Literature Search Strategy
The strategy for this search is broad for the consideration of neurodevelopmental or cognitive endpoints
and comprehensive for fluoride as an exposure or treatment in order to ensure inclusion of relevant
papers. The search terms for PubMed are provided below. The specific search strategies for other
databases are available in the protocol (https://ntp.niehs.nih.gov/go/785076).
Database
PUBMED

Search Terms
((Fluorides[mh:noexp] OR fluorides, topical[mh] OR sodium fluoride[mh] OR Fluorosis, Dental[mh]
OR fluorosis[tiab] OR fluorid*[tiab] OR flurid*[tiab] OR fluorin*[tiab] OR florin*[tiab]) NOT (18F[tiab]
OR f-18[tiab] OR 19F[tiab] OR f-19[tiab] OR f-labeled[tiab] OR "fluorine-18"[tiab] OR "fluorine19"[tiab] OR pet-scan[tiab] OR radioligand*[tiab]))
AND ((Aryl Hydrocarbon Hydroxylases[mh] OR Aryl Hydrocarbon Receptor Nuclear Translocator[mh]
OR Behavior and Behavior Mechanisms[mh] OR Gene Expression Regulation[mh] OR
Glucuronosyltransferase[mh] OR Intelligence tests[mh] OR Malate Dehydrogenase[mh] OR
Mediator Complex Subunit 1[mh] OR Mental disorders[mh] OR Mental processes[mh] OR
Monocarboxylic Acid Transporters[mh] OR Myelin Basic Protein[mh] OR nervous system[mh] OR
nervous system diseases[mh] OR nervous system physiological phenomena[mh] OR
Neurogranin[mh] OR Oligodendroglia[mh] OR Peroxisome Proliferator-Activated Receptors[mh] OR
Psychological Phenomena and Processes[mh] OR Receptors, thyroid hormone[mh] OR Receptors,
thyrotropin[mh] OR Retinoid X Receptors[mh] OR thyroid diseases[mh] OR thyroid hormones[mh]
OR Thyrotropin-releasing hormone[mh] OR Thyroxine-Binding Proteins[mh] OR Pregnane X
Receptor[supplementary concept] OR thyroid-hormone-receptor interacting protein[supplementary
concept] OR Constitutive androstane receptor[supplementary concept] OR Academic
performance[tiab] OR auditory[tiab] OR cortical[tiab] OR delayed development[tiab] OR
developmental impairment[tiab] OR developmental-delay*[tiab] OR developmental-disorder*[tiab]
OR euthyroid[tiab] OR gait[tiab] OR glia*[tiab] OR gliogenesis[tiab] OR hyperactiv*[tiab] OR
impulse-control[tiab] OR iodide peroxidase[tiab] OR IQ[tiab] OR ischemi*[tiab] OR locomotor[tiab]
OR mental deficiency[tiab] OR mental development[tiab] OR mental illness[tiab] OR mentaldeficit[tiab] OR mobility[tiab] OR mood[tiab] OR morris-maze[tiab] OR morris-water[tiab] OR motor
abilit*[tiab] OR Motor activities[tiab] OR motor performance[tiab] OR nerve[tiab] OR neural[tiab]
OR neurobehav*[tiab] OR Neurocognitive impairment[tiab] OR neurodegenerat*[tiab] OR
Neurodevelopment*[tiab] OR neurodisease*[tiab] OR neurologic*[tiab] OR neuromuscular[tiab] OR
neuron*[tiab] OR neuropath*[tiab] OR obsessive compulsive[tiab] OR OCD[tiab] OR olfaction[tiab]
OR olfactory[tiab] OR open-field-test[tiab] OR passive avoidance[tiab] OR plasticity[tiab] OR
senil*[tiab] OR sociab*[tiab] OR speech*[tiab] OR spelling[tiab] OR stereotypic-movement*[tiab] OR
synap*[tiab] OR tauopath*[tiab] OR Thyroglobulin[tiab] OR Thyroid disease*[tiab] OR thyroid
gland[tiab] OR thyroid hormone*[tiab] OR thyronine*[tiab] OR visual motor[tiab] OR Visuospatial
processing[tiab] OR water maze[tiab]) OR ((active-avoidance[tiab] OR ADHD[tiab] OR
alzheimer*[tiab] OR amygdala[tiab] OR antisocial[tiab] OR anxiety[tiab] OR anxious[tiab] OR
asperger*[tiab] OR attention deficit[tiab] OR autism[tiab] OR autistic[tiab] OR behavioral[tiab] OR
behaviors[tiab] OR behavioural[tiab] OR behaviours[tiab] OR bipolar[tiab] OR cerebellum[tiab] OR
cognition[tiab] OR cognitive[tiab] OR communication-disorder*[tiab] OR comprehension[tiab] OR
cranial[tiab] OR dementia[tiab] OR dendrit*[tiab] OR dentate-gyrus[tiab] OR depression[tiab] OR
dextrothyroxine[tiab] OR diiodothyronine*[tiab] OR diiodotyrosine[tiab] OR down syndrome[tiab]
OR dyslexia[tiab] OR entorhinal cortex[tiab] OR epilep*[tiab] OR gangli*[tiab] OR goiter[tiab] OR
graves-disease[tiab] OR hearing[tiab] OR hippocamp*[tiab] OR human development[tiab] OR
hyperthyroid*[tiab] OR hypothalam*[tiab] OR hypothyroid*[tiab] OR impulsiv*[tiab] OR Intellectual
disability[tiab] OR intelligence[tiab] OR language[tiab] OR learning[tiab] OR lewy bod*[tiab] OR
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Search Terms
long-term potentiation[tiab] OR long-term synaptic depression[tiab] OR memory[tiab] OR mental
disorder*[tiab] OR mental recall[tiab] OR monoiodotyrosine[tiab] OR Motor activity[tiab] OR motor
skill*[tiab] OR multiple sclerosis[tiab] OR myxedema[tiab] OR Nervous system[tiab] OR nervoussystem[tiab] OR neurit*[tiab] OR optic[tiab] OR palsy[tiab] OR panic[tiab] OR parahippocamp*[tiab]
OR paranoia[tiab] OR paranoid[tiab] OR parkinson*[tiab] OR perception[tiab] OR perforant*[tiab]
OR personality[tiab] OR phobia[tiab] OR problem solving[tiab] OR proprioception[tiab] OR
psychomotor[tiab] OR reflex[tiab] OR risk taking[tiab] OR schizophrenia[tiab] OR seizure*[tiab] OR
sensation*[tiab] OR sleep[tiab] OR smell[tiab] OR spatial behavior[tiab] OR stroke[tiab] OR
substantia-nigra[tiab] OR taste[tiab] OR thyroiditis[tiab] OR thyrotoxicosis[tiab] OR
Thyrotropin[tiab] OR thyroxine[tiab] OR triiodothyronine[tiab] OR vision[tiab]) NOT medline[sb]))
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Appendix 2. List of Included Studies
Studies in Humans

As described in Figure 4, 149 human studies were included; however, full data extraction was only
conducted on studies with neurological outcomes or thyroid hormone data. Data extraction was
completed using HAWC. Data were extracted from a subset of included studies in humans (n = 106) and
are available in HAWC based on outcome. The following lists of references are organized as studies that
are available in HAWC followed by studies that are not available in HAWC. Specifically, data for primary
neurodevelopmental or cognitive outcomes (learning, memory, and intelligence) and secondary
neurobehavioral outcomes (anxiety, aggression, motor activity, or biochemical changes), as well as
thyroid hormone level data, were extracted from included human studies and are available in HAWC.
Included human studies that only evaluated other thyroid-related effects such as goiters or thyroid size
(n = 43) were not extracted and are not available in HAWC.
Studies Available in HAWC
An J, Mei S, Liu A, Fu Y, Wang C. 1992. [Effect of high level of fluoride on children’s intelligence]. Chin J
Control Endem Dis 7(2): 93-94.
Aravind A, Dhanya RS, Narayan A, Sam G, Adarsh VJ, Kiran M. 2016. Effect of fluoridated water on
intelligence in 10-12-year-old school children. J Int Soc Prev Community Dent 6(Suppl 3): S237S242.
Bai A, Li Y, Fan Z, Li X, Li P. 2014. [Intelligence and growth development of children in coal-burning-borne
arsenism and fluorosis areas: An investigation study]. Chin J Endemiol 33(2): 160-163.
Barberio AM, Hosein FS, Quinonez C, McLaren L. 2017. Fluoride exposure and indicators of thyroid
functioning in the Canadian population: Implications for community water fluoridation. J
Epidemiol Community Health 71: 1019-1025.
Barberio AM, Quinonez C, Hosein FS, McLaren L. 2017. Fluoride exposure and reported learning
disability diagnosis among Canadian children: Implications for community water fluoridation.
Can J Public Health 108: 229-239.
Bashash M, Thomas D, Hu H, Martinez-Mier EA, Sanchez BN, Basu N, Peterson KE, Ettinger AS, Wright R,
Zhang Z, Liu Y, Schnaas L, Mercado-Garcia A, Tellez-Rojo MM, Hernandez-Avila M. 2017.
Prenatal fluoride exposure and cognitive outcomes in children at 4 and 6-12 years of age in
Mexico. Environ Health Perspect 125(9): 1-12.
Bashash M, Marchand M, Hu H, Till C, Martinez-Mier EA, Sanchez BN, Basu N, Peterson KE, Green R,
Schnaas L, Mercado-Garcia A, Hernandez-Avila M, Tellez-Rojo MM. 2018. Prenatal fluoride
exposure and attention deficit hyperactivity disorder (ADHD) symptoms in children at 6-12 years
of age in Mexico City. Environ Int 121(Pt 1): 658-666.
Broadbent JM, Thomson WM, Moffitt TE, Poulton R. 2015. Community water fluoridation and
intelligence response. Am J Public Health 105: 3-4.
Chen YX, Han FL, Zhoua ZL, Zhang HQ, Jiao XS, Zhang SC, Huang MC, Chang TQ, Dong YF. 2008. Research
on the intellectual development of children in high fluoride areas. Fluoride 41: 120-124.
Chinoy NJ, Narayana MV. 1992. Studies on fluorosis in Mehsana District of North Gujarat. Proc Zool Soc
45: 157-161.
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Choi AL, Zhang Y, Sun G, Bellinger DC, Wang K, Yang XJ, Li JS, Zheng Q, Fu Y, Grandjean P. 2015.
Association of lifetime exposure to fluoride and cognitive functions in Chinese children: A pilot
study. Neurotoxicol Teratol 47: 96-101.
Cui Y, Zhang B, Ma J, Wang Y, Zhao L, Hou C, Yu J, Zhao Y, Zhang Z, Nie J, Gao T, Zhou G, Liu H. 2018.
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children in China: A school-based cross-sectional study. Ecotoxicol Environ Saf 165: 270-277.
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District, W.B., India. Environ Monit Assess 188: 218.
Ding Y, Sun H, Han H, Wang W, Ji X, Liu X, Sun D. 2011. The relationships between low levels of urine
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Mongolia, China. J Hazard Mater 186: 1942-1946.
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Duan JZ, M.; Wang, L.; Fang, D.; Wang, Y.; Wang, W. 1995. A comparative analysis of the results of
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Erickson JD, Hay S. 1976. Water fluoridation and congenital malformations: No association. J Am Dent
Assoc 93: 981-984.
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Fan Z, Dai H, Bai A, Li P, Li T, Li G. 2007. Effect of high fluoride exposure in children’s intelligence. J
Environ Health 24(10): 802-803.
Green R, Lanphear B, Hornung R, Flora D, Martinez-Mier EA, Neufeld R, Ayotte P, Muckle G, Till C. 2019.
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Canada. JAMA Pediatr: E1-E9.
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9-14.
Khan SA, Singh RK, Navit S, Chadha D, Johri N, Navit P, Sharma A, Bahuguna R. 2015. Relationship
between dental fluorosis and intelligence quotient of school going children in and around
Lucknow District: A cross-sectional study. J Clin Diagn Res 9(11): 10-15.
Khandare AL, Gourineni SR, Validandi V. 2017. Dental fluorosis, nutritional status, kidney damage, and
thyroid function along with bone metabolic indicators in school-going children living in fluorideaffected hilly areas of Doda District, Jammu and Kashmir, India. Environ Monit Assess 189: 579.
Khandare AL, Validandi V, Gourineni SR, Gopalan V, Nagalla B. 2018. Dose-dependent effect of fluoride
on clinical and subclinical indices of fluorosis in school going children and its mitigation by supply
of safe drinking water for 5 years: An Indian study. Environ Monit Assess 190: 110.
Kheradpisheh Z, Mahvi AH, Mirzaei M, Mokhtari M, Azizi R, Fallahzadeh H, Ehrampoush MH. 2018.
Correlation between drinking water fluoride and TSH hormone by ANNs and ANFIS. J Environ
Health Sci Eng 16(1): 11-18.
Kheradpisheh Z, Mirzaei M, Mahvi AH, Mokhtari M, Azizi R, Fallahzadeh H, Ehrampoush MH. 2018.
Impact of drinking water fluoride on human thyroid hormones: A case-control study. Sci Rep 8:
2674.
Kumar V, Chahar P, Kajjari S, Rahman F, Bansal DK, Kapadia JM. 2018. Fluoride, thyroid hormone
derangements and its correlation with tooth eruption pattern among the pediatric population
from endemic and non-endemic fluorosis areas. J Contemp Dent Pract 19(12): 1512-1516.
Kundu H, Basavaraj P, Singla A, Gupta R, Singh K, Jain S. 2015. Effect of fluoride in drinking water on
children's intelligence in high and low fluoride areas of Delhi. J Indian Assoc Public Health Dent
13(2): 116-121.
Lamberg M, Hausen H, Vartiainen T. 1997. Symptoms experienced during periods of actual and
supposed water fluoridation. Community Dent Oral Epidemiol 25: 291-295.
Li XS, Zhi JL, Gao RO. 1995. Effect of fluoride exposure on the intelligence of children. Fluoride 28: 189192.
Li J, Yao L, Shao QL, Wu CY. 2008. Effects of high fluoride level on neonatal neurobehavioral
development. Fluoride 41: 165-170.
Li Y, Li X, Wei S. 2008. Effects of high fluoride intake on child mental work capacity: Preliminary
investigation into the mechanisms involved. Fluoride 41: 331-335.
Li YP, Jing XY, Chen D, Lin L, Wang ZJ. 2008. Effects of endemic fluoride poisoning on the intellectual
development of children in Baotou. Fluoride 41: 161-164.
Li F, Chen X, Huang R, Xie Y. 2009. The impact of endemic fluorosis caused by the burning of coal on the
development of intelligence in children. J Environ Health 26(4): 838-840.
Li X, Hou G, Yu B, Yuan C, Liu Y, L Z. 2010. Investigation and analysis of children’s intelligence and dental
fluorosis in high fluoride area. J Med Pest Control 26(3): 230-231.

84

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Li M, Gao Y, Cui J, Li Y, Li B, Liu Y, Sun J, Liu X, Liu H, Zhao L, Sun D. 2016. Cognitive impairment and risk
factors in elderly people living in fluorosis areas in China. Biol Trace Elem Res 172: 53-60.
Lin F, Ai H, Zhao H, Lin J, Jhiang J, Maimaiti. 1991. High fluoride and low iodine environment and
subclinical cretinism in Xinjiang. Endem Dis Bull 6(2): 62-67.
Liu SL, Lu Y, Sun ZR, Wu L, Lu WL, Wang XW, Yan S. 2008. Report on the intellectual ability of children
living in high-fluoride water areas. Fluoride 41: 144-147.
Lu Y, Sun ZR, Wu LN, Wang X, Lu W, Liu SS. 2000. Effect of high-fluoride water on intelligence in children.
Fluoride 33: 74-78.
Lu F, Zhang Y, Trivedi A, Jiang X, Chandra D, Zheng J, Nakano Y, Uyghurturk DA, Jalai R, Guner S, Mentes
A, DenBesten PK. 2019. Fluoride related changes in behavioral outcomes may relate to
increased serotonin. Physiol Behav 206: 76-83.
Malin AJ, Till C. 2015. Exposure to fluoridated water and attention deficit hyperactivity disorder
prevalence among children and adolescents in the United States: An ecological association.
Environ Health 14: 17.
Malin AJ, Riddell J, McCague H, Till C. 2018. Fluoride exposure and thyroid function among adults living
in Canada: Effect modification by iodine status. Environ Int 121(Pt 1): 667-674.
Michael M, Barot VV, Chinoy NJ. 1996. Investigations of soft tissue functions in fluorotic individuals of
North Gujarat. Fluoride 29: 63-71.
Mondal D, Dutta G, Gupta S. 2016. Inferring the fluoride hydrogeochemistry and effect of consuming
fluoride-contaminated drinking water on human health in some endemic areas of Birbhum
District, West Bengal. Environ Geochem Health 38: 557-576.
Morgan L, Allred E, Tavares M, Bellinger D, Needleman H. 1998. Investigation of the possible
associations between fluorosis, fluoride exposure, and childhood behavior problems. Pediatr
Dent 20: 244-252.
Mustafa DE, Younis UM, Elhag SAA. 2018. The relationship between the fluoride levels in drinking water
and the schooling performance of children in rural areas of Khartoum State, Sudan. Fluoride
51(2): 102-113.
Nagarajappa R, Pujara P, Sharda AJ, Asawa K, Tak M, Aapaliya P, Bhanushali N. 2013. Comparative
assessment of intelligence quotient among children living in high and low fluoride areas of
Kutch, India: A pilot study. Iran J Public Health 42: 813-818.
Peckham S, Lowery D, Spencer S. 2015. Are fluoride levels in drinking water associated with
hypothyroidism prevalence in England? A large observational study of GP practice data and
fluoride levels in drinking water. J Epidemiol Community Health 69: 619-624.
Poureslami HR, Horri A, Garrusi B. 2011. A comparative study of the IQ of children age 7-9 in a high and
a low fluoride water city in Iran. Fluoride 44: 163-167.
Qin LS, Huo SY, Chen RL, Chang YZ, Zhao MY. 2008. Using the Raven's Standard Progressive Matrices to
determine the effects of the level of fluoride in drinking water on the intellectual ability of
school-age children. Fluoride 41: 115-119.
Ratan SK, Rattan KN, Pandey RM, Singhal S, Kharab S, Bala M, Singh V, Jhanwar A. 2008. Evaluation of
the levels of folate, vitamin B12, homocysteine and fluoride in the parents and the affected
neonates with neural tube defect and their matched controls. Pediatr Surg Int 24: 803-808.

85

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Razdan P, Patthi B, Kumar JK, Agnihotri N, Chaudhari P, Prasad M. 2017. Effect of fluoride concentration
in drinking water on intelligence quotient of 12-14-year-old children in Mathura District: A crosssectional study. J Int Soc Prev Community Dent 7: 252-258.
Ren D, Li K, Liu D. 2008. A study of the intellectual ability of 8-14 year-old children in high fluoride, low
iodine areas. Fluoride 41: 319-320.
Rocha-Amador D, Navarro ME, Carrizales L, Morales R, Calderon J. 2007. Decreased intelligence in
children and exposure to fluoride and arsenic in drinking water. Cad Saude Publica 23 Suppl 4:
S579-587.
Rocha-Amador D, Navarro M, Trejo-Acevedo A, Carrizales L, Perez-Maldonado I, Diaz-Barriga F, Calderon
J. 2009. Use of the Rey-Osterrieth Complex Figure Test for neurotoxicity evaluation of mixtures
in children. Neurotox 30: 1149-1154.
Rotton J, Tikofsky RS, Feldman HT. 1982. Behavioral effects of chemicals in drinking water. J Appl Psychol
67: 230-238.
Russ TC, Killin LOJ, Hannah J, Batty GD, Deary IJ, Starr JM. 2019. Aluminium and fluoride in drinking
water in relation to later dementia risk. Brit J Psychol 14: 1-6.
Saxena S, Sahay A, Goel P. 2012. Effect of fluoride exposure on the intelligence of school children in
Madhya Pradesh, India. J Neurosci Rural Pract 3: 144-149.
Sebastian ST, Sunitha S. 2015. A cross-sectional study to assess the intelligence quotient (IQ) of school
going children aged 10-12 years in villages of Mysore District, India with different fluoride levels.
J Indian Soc Pedod Prev Dent 33: 307-311.
Seraj B, Shahrabi M, Falahzade M, Falahzade F, Akhondi N. 2006. Effect of high fluoride concentration in
drinking water on children’s intelligence. J Dent Med 19(2): 80-86.
Seraj B, Shahrabi M, Shadfar M, Ahmadi R, Fallahzadeh M, Eslamlu HF, Kharazifard MJ. 2012. Effect of
high water fluoride concentration on the intellectual development of children in Makoo, Iran. J
Dent 9: 221-229.
Shannon FT, Fergusson DM, Horwood LJ. 1986. Exposure to fluoridated public water supplies and child
health and behaviour. New Zeal Med J 99: 416-418.
Shao Q. 2003. Study of cognitive function impairment caused by chronic fluorosis. Chin J Endemiol 22(4):
336-338.
Sharma JD, Sohu D, Jain P. 2009. Prevalence of neurological manifestations in a human population
exposed to fluoride in drinking water. Fluoride 42: 127-132.
Shivaprakash PK, Ohri K, Noorani H. 2011. Relation between dental fluorosis and intelligence quotient in
school children of Bagalkot District. J Indian Soc Pedod Prev Dent 29: 117-120.
Singh A, Jolly SS, Devi P, Bansal BC, Singh SS. 1962. Endemic fluorosis: An epidemiological, biochemical
and clinical study in the Bhatinda District of Panjab. Indian J Med Res 50: 387-398.
Singh V, Singh C, Sandeep T, Sandeep K, Vikas G, Mukesh T, Anurag T. 2013. A correlation between
serum vitamin, acetylcholinesterase activity and IQ in children with excessive endemic fluoride
exposure in Rajasthan, India. Int Res J Medical Sci 1(3): 12-16.
Singh N, Verma KG, Verma P, Sidhu GK, Sachdeva S. 2014. A comparative study of fluoride ingestion
levels, serum thyroid hormone & TSH level derangements, dental fluorosis status among school
children from endemic and non-endemic fluorosis areas. Springerplus 3: 7.
86

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Still CN, Kelley P. 1980. The incidence of primary degenerative dementia vs. water fluoride content in
South Carolina, USA. Neurotox 1: 125-132.
Sudhir KM, Chandu GN, Prashant GM, Subba Reddy VV. 2009. Effect of fluoride exposure on intelligence
quotient (IQ) among 13-15 year old school children of known endemic area of fluorosis,
Nalgonda District, Andhra Pradesh. J Indian Assoc Public Health Dent 2009(13): 88-94.
Sun M, Li S, Wang Y, Li F. 1991. Measurement of intelligence by drawing test among the children in the
endemic area of Al-F combined toxicosis. J Guiyang Med Coll 16(3): 204-206.
Susheela AK, Bhatnagar M, Vig K, Mondal NK. 2005. Excess fluoride ingestion and thyroid hormone
derangements in children living in Delhi, India. Fluoride 38: 98-108.
Tamboli BL, Mathur GM, Mathur AP, Lalla SK, Goyal OP. 1980. Prevalence of fluorosis in Pratabpura and
Surajpura villages, District Ajmer (Rajasthan). Indian J Med Res 71: 57-67.
Tripathi P, Sultana N. 2007. Fluoride content of groundwater and prevalence of dental, skeletal and
neurological stage of fluorosis in Tehsil Purwa of Unnao. Indian J Environ Prot 27: 737-739.
Trivedi MH, Verma RJ, Chinoy NJ, Patel RS, Sathawara NG. 2007. Effect of high fluoride water on
intelligence of school children in India. Fluoride 40: 178-183.
Trivedi M, Sangai N, Patel R, Payak M, Vyas S. 2012. Assessment of groundwater quality with special
reference to fluoride and its impact on IQ of schoolchildren in six villages of the Mundra Region,
Kachchh, Gujurat, India. Fluoride 45(4): 377-383.
Valdez Jimenez L, Lopez Guzman OD, Cervantes Flores M, Costilla-Salazar R, Calderon Hernandez J,
Alcaraz Contreras Y, Rocha-Amador DO. 2017. In utero exposure to fluoride and cognitive
development delay in infants. Neurotox 59: 65-70.
Wang S, Wang L, Hu P, Guo S, Law S. 2001. [Effects of high iodine and high fluorine on children’s
intelligence and thyroid function]. Chin J Endemiol 20(4): 288-290.
Wang SX, Wang ZH, Cheng XT, Li J, Sang ZP, Zhang XD, Han LL, Qiao XY, Wu ZM, Wang ZQ. 2005.
[Investigation and evaluation on intelligence and growth of children in endemic fluorosis and
arsenism areas]. Chin J Endemiol 24: 179-182.
Wang Z, Wang S, Zhang X, Li J, Zheng X, Hu C. 2006. Investigation of children’s growth and development
under long-term fluoride exposure. Chin J Control Endem Dis 21(4): 239-241.
Wang SX, Wang ZH, Cheng XT, Li J, Sang ZP, Zhang XD, Han LL, Qiao XY, Wu ZM, Wang ZQ. 2007. Arsenic
and fluoride exposure in drinking water: Children's IQ and growth in Shanyin County, Shanxi
Province, China. Environ Health Perspect 115: 643-647.
Wang G, Yang D, Jia F, Wang H. 2008. A study of the IQ levels of four- to seven-year-old children in high
fluoride areas. Fluoride 41: 340-343.
Wang SY, Zhang HX, Fan W, Fang SJ, Kang PP, Chen XG, Yu MJ. 2008. The effects of endemic fluoride
poisoning caused by coal burning on the physical development and intelligence of children.
Fluoride 41: 344-348.
Wei N, Li Y, Deng J, Xu S, Guan Z. 2014. [The effects of comprehensive control measures on intelligence
of school-age children in coal-burning-borne endemic fluorosis areas]. Chin J Endemiol 33(2):
320-322.
Xiang Q, Liang Y, Chen L, Wang C, Chen B, Chen X, Zhou M. 2003. Effect of fluoride in drinking water on
children's intelligence. Fluoride 36: 84-94.
87

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Xiang Q, Liang Y, Chen B, Chen L. 2011. Analysis of children's serum fluoride levels in relation to
intelligence scores in a high and low fluoride water village in China. Fluoride 44: 191-194.
Xu Y, Lu C, Zhang X. 1994. Effect of fluoride on children’s intelligence. Endem Dis Bull 2: 83-84.
Yang Y, Wang X, Guo X, Hu P. 2008. The effects of high levels of fluoride and iodine on child intellectual
ability and the metabolism of fluoride and iodine. Fluoride 41: 336-339.
Yao L, Zhou J, Wang S, Cui K, Lin F. 1996. Analysis of TSH levels and intelligence of children residing in
high fluorosis areas. Lit Inf Prev Med 2(1): 26-27.
Yao Y. 1997. Comparative assessment of the physical and mental development of children in endemic
fluorosis area with water improvement and without water improvement. Lit Inf Prev Med 3(1):
42-43.
Yasmin S, Ranjan S, D'Souza D. 2013. Effect of excess fluoride ingestion on human thyroid function in
Gaya Region, Bihar, India. Toxicol Environ Chem 95: 1235-1243.
Yazdi SM, Sharifian A, Dehghani-Beshne M, Momeni VR, Aminian O. 2011. Effects of fluroide on
psychomotor performance and memory of aluminum potroom workers. Fluoride 44: 158-162.
Yu YN, Yang WX, Dong Z, Wan CW, Zhang JT, Liu JL, Xiao KQ, Huang YS, Lu BF. 2008. Neurotransmitter
and receptor changes in the brains of fetuses from areas of endemic fluorosis. Fluoride 41: 134138.
Yu X, Chen J, Li Y, Liu H, Hou C, Zeng Q, Cui Y, Zhao L, Li P, Zhou Z, Pang S, Tang S, Tian K, Zhao Q, Dong L,
Xu C, Zhang X, Zhang S, Liu L, Wang A. 2018. Threshold effects of moderately excessive fluoride
exposure on children's health: A potential association between dental fluorosis and loss of
excellent intelligence. Environ Int 118: 116-124.
Zhang J, Yao H, Chen Y. 1998. [Effect of high level of fluoride and arsenic on children’s intelligence]. Chin
J Public Health 17(2): 57.
Zhang S, Zhang X, Liu H, Qu W, Guan Z, Zeng Q, Jiang C, Gao H, Zhang C, Lei R, Xia T, Wang Z, Yang L,
Chen Y, Wu X, Cui Y, Yu L, Wang A. 2015. Modifying effect of COMT gene polymorphism and a
predictive role for proteomics analysis in children's intelligence in endemic fluorosis area in
Tianjin, China. Toxicol Sci 144: 238-245.
Zhao LB, Liang GH, Zhang DN, Wu XR. 1996. Effect of a high fluoride water supply on children's
intelligence. Fluoride 29: 190-192.
Zhao Q, Niu Q, Chen J, Xia T, Zhou G, Li P, Dong L, Xu C, Tian Z, Luo C, Liu L, Zhang S, Wang A. 2019. Roles
of mitochondrial fission inhibition in developmental fluoride neurotoxicity: Mechanisms of
action in vitro and associations with cognition in rats and children. Arch Toxicol 93(3): 709-726.
Studies Not Available in HAWC
Bachinskii PP, Gutsalenko OA, Naryzhniuk ND, Sidora VD, Shliakhta AI. 1985. [Action of the body fluorine
of healthy persons and thyroidopathy patients on the function of hypophyseal-thyroid the
system]. Probl Endokrinol 31: 25-29.
Balabolkin MI, Mikhailets ND, Lobovskaia RN, Chernousova NV. 1995. [The interrelationship of the
thyroid and immune statuses of workers with long-term fluorine exposure]. Ter Arkh 67: 41-42.
Baum K, Boerner W, Reiners C, Moll E. 1981. [Bone density and thyroid function in adolescents in
relation to fluoride content of drinking water]. Fortschr Med 99: 1470-1472.

88

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Berry WTC, Whittles JH. 1963. Absence of effect of fluoride upon the incidence of thyroid enlargements
in Wiltshire schoolgirls. Mon Bull Minist Health Public Health Lab Serv 22: 50-52.
Cherkinskii SN, Zaslavskaia RM. 1956. [Significance of fluorides in potable water in the development of
endemic goiter]. Probl Endokrinol Gormonoter 2: 70-75.
Choubisa SL. 2001. Endemic fluorosis in southern Rajasthan, India. Fluoride 34: 61-70.
Chuka A, Zhukovskil V, Mirku I, Postel'Niku D. 1964. Prezhdevremennoe starenie naseleniya v zone
rasprostraneniya endemicheskogo zoba. Vestnik Akad Med Nauk Sssr 19: 23-27.
Dai HX, Zeng P, Wang KY, Zhang XG, Ma ZJ, Zhou YG, Fan ZX, Guo SH. 2013. [Analysis of a survey results
of patients with suspected high iodine goiter in Liuji Town Fuping County of Shaanxi Province].
Chin J Endemiol 32: 408-411.
Day T, Powell-Jackson P. 1972. Fluoride, water hardness, and endemic goitre. Lancet 299(7761): 11351138.
Desai VK, Solanki DM, Bansal RK. 1993. Epidemiological study of goitre in endemic fluorosis district of
Gujarat. Fluoride 26: 187-190.
Díaz-Cadórniga FJ, Delgado E, Tartón T, Valdés MM, Méndez A, Fernández MT, Rojo C. 2003. Endemic
goiter associated with high iodine intake in primary school children in the Saharawi Arab
Democratic Republic. Endocrinol Nutr 50: 357-362.
Eichner R, Borner W, Henschler D, Kohler W, Moll E. 1981. [Osteoporosis therapy and thyroid function.
Influence of 6 months of sodium fluoride treatment on thyroid function and bone density].
Fortschr Med 99: 342-348.
Fiorentini S, Galeazzi M, Visintin B. 1947. II fluoro in natura come agente morbigeno II. La fluorosi die
Campagnano di Roma. III. Un focolaio di fluorosi umana a Campagnano di Roma. IV.
Osservazioni radiologiche sui processi alveolari, sulle ossa mascellari, e sul paradenzio degli
abitanti die Campagnano. V. Zona fluorotica intorno a Campagnano di Roma. VI. Frequenza e
caratteri clinici della carie dentale in soggetti fluorotici. Rend Ist Superiore Sanita 10: 721-804.
Gabovich RD, Verzhikovskaia NV. 1958. [Effect of fluoride compounds on absorption of radioactive
iodine by the thyroid gland in humans and in experimental conditions]. Probl Endokrinol
Gormonoter 4: 49-54.
Galletti P, Held HR, Korrodi H, Wegmann T. 1956. [Investigations on the possible damaging effect of
fluorine on the thyroid gland]. Helv Med Acta 23: 601-605.
Galletti PM, Joyet G, Jallut O. 1957. [Effect of sodium fluoride on thyroid function in Basedow's Disease].
Helv Med Acta 24: 209-215.
Galletti PM, Joyet G. 1958. Effect of fluorine on thyroidal iodine metabolism in hyperthyroidism. J Clin
Endocrinol Metab 18: 1102-1110.
Gas'kov AI, Savchenkov MF, Iushkov NN. 2005. [The specific features of the development of iodine
deficiencies in children living under environmental pollution with fluorine compounds]. Gig
Sanit: 53-55.
Gedalia I, Brand N. 1963. The relationship of fluoride and iodine in drinking water in the occurrence of
goiter. Arch Int Pharmacodyn Ther 142: 312-315.
Grimm H. 1973. [The physical development of schoolchildren under the influence of drinking water
fluoridation in Karl Marx Stadt]. Dtsch Gesundheitsw 28: 2363-2369.
89

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Hasling C, Nielsen HE, Melsen F, Mosekilde L. 1987. Safety of osteoporosis treatment with sodium
fluoride, calcium phosphate and vitamin D. Miner Electrolyte Metab 13: 96-103.
Hidehiko T. 1958. On the relation between the distribution of endemic goiter and the fluorine content of
natural water in Hidaka Province, Hokkaido. Folia Pharmacol Jpn 54: 225-229.
Hoffmann-Axthelm W. 1953. [Observations on the influence of fluorine on dental enamel and thyroid
gland]. Dtsch Zahnarztl Z 8: 757-765.
Jentzer A. 1956. [Effect of fluorine on the iodine content of the human thyroid gland]. Bull Schweiz Akad
Med Wiss 12: 539-543.
Jooste PL, Weight MJ, Kriek JA, Louw AJ. 1999. Endemic goitre in the absence of iodine deficiency in
schoolchildren of the Northern Cape Province of South Africa. Eur J Clin Nutr 53: 8-12.
Kolomiitseva MG. 1961. [The content of fluorine in the external environment of the Upper Altai
autonomous region and its role in the etiology of endemic goiter]. Gig Sanit 26: 101-103.
Korrodi H, Wegmann T, Galleti P, Held HR. 1955. [Caries prophylaxis and the untoward effects of fluor on
the thyroid gland]. Schweiz Med Wochenschr 85: 1016-1019.
Kutlucan A, Kale Koroglu B, Numan Tamer M, Aydin Y, Baltaci D, Akdogan M, Ozturk M, Vural H, Ermis F.
2013. The investigation of effects of fluorosis on thyroid volume in school-age children. Med
Glas 10: 93-98.
Latham MC, Grech P. 1967. The effects of excessive fluoride intake. Am J Public Health 57: 651-660.
Leone NC, Leatherwood EC, Petrie IM, Lieberman L. 1964. Effect of fluoride on thyroid gland: Clinical
study. J Am Dent Assoc 69: 179-180.
Levi JE, Silberstein HE. 1955. Lack of effect of fluorine ingestion on uptake of iodine 131 by the thyroid
gland. J Lab Clin Med 45: 348-351.
McGlashan N, Chelkowska E, Sasananan S. 2010. A survey of goiter morbidity in Ban Mae Toen,
northwest Thailand. Southeast Asian J Trop Med Public Health 41: 1200-1208.
Rathore S, Meena C, Gonmei Z, Dwivedi S, Toteja GS, Bala K. 2018. Study of excess fluoride ingestion and
thyroid hormone derangement in relation with different fluoride levels in drinking water among
children of Jodhpur District, Rajasthan, India. Asian J Microbiol Biotechnol Environ Sci 20: 327331.
Reisenauer R, Rezler D, Křemenová J, Preininger Q. 1961. [Fluorization of the waters in Czechoslovakia.
IV. Endocrinological control of results of two years' fluorization of drinking-water in school
children]. Cesk Stomatol 61: 91-97.
Romer TEZ, Kowalczyk B, Kacprzak M, Wiktorowski M. 1976. [Incidence of goitre in pubertal girls of the
Piotrkow Region and iodide content in drinking water]. Endokrynol Pol 27: 373-380.
Savchenkov MF, Efimova NV, Manueva RS, Nikolaeva LA, Shin NS. 2016. [Thyroid gland pathology in
children population exposed to the combination of iodine deficiency and fluoride pollution of
environment]. Gig Sanit 95: 1201-1205.
Shtifanova AK. 1962. [The fluorine content in water, soil and vegetal products of the Alma-Atinsk District
areas and its role in the etiology of dental caries and endemic goiter]. Zdravookhranenie
Kazakhstana: 60-63.

90

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Siddiqui AH. 1969. Incidence of simple goiter in areas of endemic fluorosis in Nalgonda District, Andhra
Pradesh, India. Fluoride 2: 200-205.
Sidora VD, Shliakhta AI, Iugov VK, Kas'ianenko AS, Piatenko VG. 1983. [Indices of the pituitary-thyroid
system in residents of cities with various fluorine concentrations in drinking water]. Probl
Endokrinol 29: 32-35.
Sung FC, Chen KP, Chen CY, Tai PW, Yang CF. 1973. Studies of the effect of salt iodization on endemic
goiter in Taiwan. IV. A survey of drinking water in relation to endemic goiter. J Fomosan Med
Assoc 72: 96-103.
Tokar VI, Voroshnin VV, Sherbakov SV. 1989. [Chronic effects of fluorides on the pituitary-thyroid system
in industrial workers]. Gig Tr Prof Zabol: 19-22.
Wespi HJ. 1954. [Iodized-fluoridized salt for the prevention of goiter and caries]. Schweiz Med
Wochenschr 84: 885-890.
Yu YN. 1985. [Effects of chronic fluorosis on the thyroid gland]. Chin Med J 65: 747-7479.

91

This DRAFT Monograph is distributed solely for the purpose of pre-dissemination peer review and does not
represent and should not be construed to represent any NTP determination or policy.

Studies in Non-human Animals

As described in Figure 4, 339 non-human mammal studies were included; however, full data extraction
was only conducted on studies with primary neurological outcomes and/or secondary functional
neurological outcomes (e.g., motor activity). Data extraction was completed using HAWC. Data were
extracted from a subset of included studies in animals (n = 123) and are available in HAWC based on
outcome. The following lists of references are organized as studies that are available in HAWC followed
by studies that are not available in HAWC. Specifically, all primary outcomes and functional neurological
secondary outcomes (e.g., motor activity) were extracted from animal studies and are available in
HAWC, including studies from the NTP (2016) assessment. Studies are also available in HAWC that
evaluated mechanistic effects related to oral fluoride exposure at or below 20 ppm fluoride drinking
water equivalents for categories of mechanistic endpoints with the largest amount of available data (i.e.,
biochemistry of the brain or neurons, neurotransmission, oxidative stress, and histopathology [n = 70]);
however, these mechanistic data were generally not extracted. Several animal studies assessed primary
neurological outcomes and/or functional neurological secondary outcomes and mechanistic effects in
the four mechanistic categories listed above (n = 56). In total, 140 animal studies are available in HAWC
(70 with primary neurological outcomes and/or secondary functional neurological outcomes without
relevant mechanistic data; 15 with relevant mechanistic data only; and 55 with primary/or secondary
functional neurological outcomes with relevant mechanistic data). Studies that evaluated other
mechanistic endpoints, as well as studies that only assessed mechanistic effects at fluoride levels above
20 ppm fluoride drinking water equivalents, are not available in HAWC (n = 199).
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In Vitro Experimental Studies

As described in Figure 4, 60 in vitro experimental studies were included; however, data extraction was
not conducted on in vitro studies. Therefore, in vitro experimental studies are not available in HAWC
with the exception of in vitro studies that also reported in vivo non-human animal data that meet the
relevant criteria for being made available in HAWC. The following lists of references are organized as
studies that are available in HAWC (n = 6) followed by studies that are not available in HAWC (n = 54).
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Appendix 3. Risk-of-bias Figures
Studies in Humans

Figure A3-1. Risk-of-bias Heatmap for Lower Risk-of-bias Human Neurodevelopmental or Cognitive
Studies Following Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-2. Risk-of-bias Bar Chart for Lower Risk-of-bias Human Neurodevelopmental or Cognitive
Studies Following Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-3. Risk-of-bias Heatmap for Higher Risk-of-bias Human Neurodevelopmental or Cognitive
Studies Following Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-4. Risk-of-bias Bar Chart for Higher Risk-of-bias Human Neurodevelopmental or Cognitive
Studies Following Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-5. Risk-of-bias Heatmap for Lower Risk-of-bias Human Mechanistic Studies Following Fluoride
Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-6. Risk-of-bias Bar Chart for Lower Risk-of-bias Human Mechanistic Studies Following Fluoride
Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-7. Risk-of-bias Heatmap for Higher Risk-of-bias Human Mechanistic Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-8. Risk-of-bias Bar Chart for Higher Risk-of-bias Human Mechanistic Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Studies in Non-human Animals

Figure A3-9. Risk-of-bias Heatmap for New Developmental Animal Learning and Memory Studies
Following Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-10. Risk-of-bias Bar Chart for New Developmental Animal Learning and Memory Studies
Following Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-11. Risk-of-bias Heatmap for New Adult Animal Learning and Memory Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-12. Risk-of-bias Bar Chart for New Adult Animal Learning and Memory Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-13. Risk-of-bias Heatmap for Lower Risk-of-bias Animal Biochemical Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-14. Risk-of-bias Bar Chart for Lower Risk-of-bias Animal Biochemical Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-15. Risk-of-bias Heatmap for Higher Risk-of-bias Animal Biochemical Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-16. Risk-of-bias Bar Chart for Higher Risk-of-bias Animal Biochemical Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-17. Risk-of-bias Heatmap for Lower Risk-of-bias Animal Neurotransmission Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-18. Risk-of-bias Bar Chart for Lower Risk-of-bias Animal Neurotransmission Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-19. Risk-of-bias Heatmap for Higher Risk-of-bias Animal Neurotransmission Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-20. Risk-of-bias Bar Chart for Higher Risk-of-bias Animal Neurotransmission Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-21. Risk-of-bias Heatmap for Lower Risk-of-bias Animal Oxidative Stress Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-22. Risk-of-bias Bar Chart for Lower Risk-of-bias Animal Oxidative Stress Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-23. Risk-of-bias Heatmap for Higher Risk-of-bias Animal Oxidative Stress Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-24. Risk-of-bias Bar Chart for Higher Risk-of-bias Animal Oxidative Stress Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-25. Risk-of-bias Heatmap for Lower Risk-of-bias Animal Histopathology Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-26. Risk-of-bias Bar Chart for Lower Risk-of-bias Animal Histopathology Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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Figure A3-27. Risk-of-bias Heatmap for Higher Risk-of-bias Animal Histopathology Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.

Figure A3-28. Risk-of-bias Bar Chart for Higher Risk-of-bias Animal Histopathology Studies Following
Fluoride Exposure

Interactive figure and additional study details in HAWC here.
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