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FOREWORD
The National Toxicology Program (NTP), established in 1978, is an interagency program within the Public
Health Service of the U.S. Department of Health and Human Services. Its activities are executed through
a partnership of the National Institute for Occupational Safety and Health (part of the Centers for
Disease Control and Prevention), the Food and Drug Administration (primarily at the National Center for
Toxicological Research), and the National Institute of Environmental Health Sciences (part of the
National Institutes of Health), where the program is administratively located. NTP offers a unique venue
for the testing, research, and analysis of agents of concern to identify toxic and biological effects,
provide information that strengthens the science base, and inform decisions by health regulatory and
research agencies to safeguard public health. NTP also works to develop and apply new and improved
methods and approaches that advance toxicology and better assess health effects from environmental
exposures.
NTP conducts literature-based evaluations to determine whether exposure to environmental substances
(e.g., chemicals, physical agents, and mixtures) may be associated with adverse health effects. These
evaluations result in hazard conclusions or characterize the extent of the evidence and are published in
the NTP Monograph series, which began in 2011. NTP Monographs serve as an environmental health
resource to provide information that can used to make informed decisions about whether exposure to a
substance may be of concern for human health.
NTP conducts these health effects evaluations following pre-specified protocols that apply the general
methods outlined in the “Handbook for Conducting a Literature-Based Health Assessment Using the
OHAT Approach for Systematic Review and Evidence Integration.” 1 The protocol describes projectspecific procedures tailored to each systematic review in a process that facilitates evaluation and
integration of scientific evidence from published human, experimental animal, and mechanistic studies.
The key feature of the systematic review approach is the application of a transparent framework to
document the evaluation methods and the basis for scientific judgements. This process includes steps to
comprehensively search for studies, select relevant evidence, assess individual study quality, rate
confidence in bodies of evidence across studies, and then integrate evidence to develop conclusions for
the specific research question. Draft monographs undergo external peer review prior to being finalized
and published.
NTP Monographs are available free of charge on the NTP website and cataloged in PubMed, a free
resource developed and maintained by the National Library of Medicine (part of the National Institutes
of Health). Data for these evaluations are included in the Health Assessment and Workspace
Collaborative.
For questions about the monographs, please email NTP or call 984-287-3211.

OHAT is the abbreviation for Office of Health Assessment and Translation, which is within the Division of the
National Toxicology Program at the National Institute of Environmental Health Sciences.
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ABSTRACT
Background: The overall objective of this evaluation was to undertake a systematic review of published
literature to reach conclusions concerning the potential for exposure to fluoride to affect
neurodevelopment and cognition. The review only addresses whether exposure to fluoride could
present a potential hazard (i.e., has the potential to cause harm, at any exposure level, including
exposures that are higher than those typically encountered from consuming fluoridated drinking water
in the United States). Benefits of fluoride with respect to oral health are not addressed in this
monograph.
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 adverse neurological effects in humans and recommended
further investigation (NRC 2006). Most of the evidence reviewed was from dental and skeletal fluorosisendemic regions that have higher levels of naturally occurring fluoride than the fluoride concentrations
historically added to water in community water fluoridation programs (0.8–1.2 mg/L). For community
water systems that add fluoride, the Public Health Service now recommends a fluoride concentration of
0.7 mg/L.
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, many examining the effects of perinatal exposures. In addition, the number of studies
examining cognitive and neurobehavioral effects of fluoride in humans has grown considerably since the
NRC (2006) review, including several recent prospective cohort studies evaluating prenatal fluoride
exposures.
Objective: To conduct a systematic review of the human, experimental animal [extending (NTP 2016)
report], 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 159 published human studies,
339 published experimental animal studies, and 60 in vitro/mechanistic studies relevant to the
objective. Ninety-two of the 159 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. Since the NTP (2016) systematic
review (through April 2019), 35 experimental animal studies evaluating effects on learning and memory
and/or motor activity and sensory effects of fluoride were identified.
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Supported by a meta-analysis, the human body of evidence provides a consistent and robust pattern of
findings that higher fluoride exposure (e.g., >1.5 mg/L in drinking water) is associated with adverse
effects on neurocognitive development, including lower intelligence quotient (IQ) in children. There is a
moderate level of evidence from cognitive neurodevelopmental studies in children based on five
prospective cohort studies and 14 cross-sectional studies where exposure was identified as occurring
prior to outcome. 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 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, has not resolved this issue. Because of this
and other deficiencies related to overall study quality, 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. While the animal data provide evidence of
effects of fluoride on neurodevelopment, the human evidence base is primarily focused on cognitive
neurodevelopmental effects, and these human data are the primary basis of conclusions.
Conclusions: Because the majority of available studies evaluated cognitive neurodevelopmental effects
in children, the focus of the hazard conclusions is on cognitive neurodevelopmental effects, primarily IQ.
When focusing on findings from studies with exposures in ranges typically found in drinking water in the
United States (0.7 mg/L for optimally fluoridated community water systems) 2 that can be evaluated for
dose response, effects on cognitive neurodevelopment are inconsistent, and therefore unclear.
However, when considering all the evidence, including studies with exposures to fluoride levels higher
than 1.5 mg/L in water, 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 shows a consistent and
robust pattern of findings in human studies across several different populations demonstrating that
higher fluoride exposure (e.g., >1.5 mg/L in drinking water) is associated with lower 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 evidence from animal studies
is inadequate to inform conclusions on cognitive effects, and the mechanisms underlying fluorideassociated cognitive neurodevelopmental effects are not well characterized.

As of April 2020, 1.08% of persons living in the United States (~ 3.5 million people) were served by community
water systems (CWS) containing ≥ 1.1 mg/L naturally occurring fluoride. CWS supplying water with ≥ 1.5 mg/L
naturally occurring fluoride served 0.59% of the U.S. population (~ 1.9 million people), and systems supplying
water with ≥ 2 mg/L naturally occurring fluoride served 0.31% of the U.S. population (~1 million people)
(https://www.cdc.gov/fluoridation/data-tools/reporting-system.html).
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. 3 For community water systems that add fluoride, PHS now recommends a
fluoride concentration of 0.7 milligrams/liter (mg/L) (equal to 0.7 parts per million [ppm]). 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 non-enforceable 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). As of April 2020, 1.08% of persons living in the United States (~ 3.5 million people)
were served by community water systems (CWS) containing ≥ 1.1 mg/L naturally occurring fluoride. CWS
supplying water with ≥ 1.5 mg/L naturally occurring fluoride served 0.59% of the U.S. population (~ 1.9
million people), and systems supplying water with ≥ 2 mg/L naturally occurring fluoride served 0.31% of
the U.S. population (~1 million people) (https://www.cdc.gov/fluoridation/data-tools/reportingsystem.html).
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
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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fluoride are bone fractures and skeletal fluorosis, lower 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
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 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 on the experimental animal evidence
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 in humans (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 experimental animal assessment, but like the 2016
assessment, it has assessed mainly learning and memory effects in experimental animal studies to
determine whether the findings inform the assessment of cognitive neurodevelopmental effects in
children and cognitive effects in adults. The September 6, 2019 draft of this monograph was reviewed by
a committee convened by the National Academy of Sciences, Engineering, and Medicine (NASEM). The
current document incorporates changes in response to that review.

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.

4

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.

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.

•

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) receipt of nomination from the public in June 2015 to conduct analyses of fluoride and
developmental neurobehavioral toxicity;
(2) analysis of the extent 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) request for information in a Federal Register notice (dated October 7, 2015);
(4) consideration of comments providing a list of studies to review through Federal Register notice
and public comment period from October 7, 2015 to November 6, 2015;

5

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.
(5) release of draft concept titled Proposed NTP Evaluation on Fluoride Exposure and Potential for
Developmental Neurobehavioral Effects in November 2015;
(6) presentation of draft concept at the NTP Board of Scientific Counselors (BSC) meeting on
December 1−2, 2015;
(7) consideration of comments on NTP’s draft concept from the NTP BSC meeting in December
2015; and
(8) consideration of input on the draft protocol from review 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 used to conduct this
systematic review was posted in June 2017 with updates posted in May 2019 and September 2020
(https://ntp.niehs.nih.gov/go/785076). 4 A brief summary of the methods is presented below.

NASEM Review
The September 6, 2019 draft of this monograph was peer reviewed by a committee convened by
NASEM. The current draft reflects clarifications and changes in response to that review (NASEM 2020),
including the addition of meta-analyses of the IQ studies in children.

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).
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
whether a plausible series of mechanistic events exists to support effects observed in the low-dose

NTP conducts systematic reviews following pre-specified protocols that describe the review procedures selected
and applied from the general methods outlined in the OHAT Handbook for Conducting a Literature-Based Health
Assessment (http://ntp.niehs.nih.gov/go/38673). The protocol describes project-specific procedures tailored to
each systematic review.
4
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region (below approximate drinking water equivalent concentrations of 20 ppm) that may strengthen
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
Main 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
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developmental neurobehavioral terminology from reviews and a sample of relevant primary data
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. Six electronic
databases were searched (see Main Literature Database Search) 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).
A search of PubChem indicated that sodium fluoride was not found in either the Tox21 or ToxCast
databases; therefore, these databases were not included in the search. No language restrictions or
publication year limits were imposed. These six databases were searched in December 2016 and the
search was regularly updated during the review process through April 1, 2019.
Evaluations must include cut-off dates for the literature search to enable synthesis and development of
conclusions. Following the NASEM committee peer review in November 2019 (NASEM 2020), an
additional search was conducted on May 1, 2020, where only primary human epidemiology studies were
prioritized during screening. The review of the 2020 search results focused on the human studies
because they formed the basis of the conclusions in the September 6, 2019 draft. A supplemental
literature search of Chinese-language databases (described below) was also conducted.
Publications identified in these searches are categorized as “references identified through database
searches” in Figure 4. Studies identified from other sources or manual review that might impact
conclusions were considered under “references identified through other sources” in Figure 4. Literature
searches for this systematic review were conducted independently from the literature search conducted
for NTP (2016). The current literature search strategy was based on the search terms used for NTP
(2016) and refined for the current evaluation, including the addition of search terms to identify human
studies. Although the review process identified studies prior to 2015, the current assessment did not
evaluate the studies published prior to 2015 and relied on the NTP (2016) assessment. The focus of the
literature searches for this systematic review was to identify and evaluate relevant animal studies that
were published since completion of the literature searches for the NTP (2016) assessment in addition to
the human and mechanistic data that were not previously evaluated.

Supplemental Chinese Database Literature Search

Following NASEM committee peer review in November 2019 (NASEM 2020), additional searches were
developed for non-English-language databases to systematically search for studies that were previously
identified from other resources (e.g., Chinese-language studies from the Fluoride Action Network
website). Non-English-language databases with the greatest potential to contain relevant non-English
publications that were not previously identified through database searches were selected. Multiple nonEnglish language databases were explored before finding two databases (CNKI and Wanfang) that
covered studies previously identified from other sources. These two Chinese electronic databases were
searched in May 2020 with no language restrictions or publication year limits. Search terms from the
main literature search were refined to focus on human epidemiology studies. The CNKI and Wanfang
databases have character limits in the search strings; therefore, key terms were prioritized using text
analytics to identify the most prevalent terms from neurodevelopmental or cognitive human
epidemiology studies previously identified as relevant. Search strings were designed to capture known
relevant studies that were previously identified from searching other resources without identifying large
numbers of non-relevant studies [the search strategy for both databases are available in the protocol
(https://ntp.niehs.nih.gov/go/785076)]. Publications retrieved were compared to publications retrieved
from the main literature search and duplicates were removed. The remaining relevant publications are
categorized as “references identified through database searches” in Figure 4. New animal and
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mechanistic references retrieved were scanned for evidence that might extend the information
currently in the September 6, 2019 draft. Although additional studies were identified, data that would
materially advance the animal and mechanistic findings were not identified; therefore, these studies
were not extracted nor were they added to the draft. Newly-retrieved human references were reviewed
to identify studies that might impact conclusions with priority given to identifying and translating null
studies that may have been missed using previous approaches. Null studies that were identified were
translated and included.

Databases Searched
Main Literature Database Search
• BIOSIS (Thomson Reuters)
• EMBASE
• PsycINFO (APA PsycNet)
• PubMed (NLM)
• Scopus (Elsevier)
• Web of Science (Thomson Reuters, Web of Science indexes the journal Fluoride)
Supplemental Chinese Database Literature Search
• CNKI
• Wanfang

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. Following NASEM committee peer review in November 2019 (NASEM 2020), the
Fluoride Action Network website was again searched for relevant references and contacted to identify
null or no effect studies.

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 (see
protocol for additional details; https://ntp.niehs.nih.gov/go/785076):
(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. New studies identified were assessed for eligibility for inclusion.

(3)

Conference abstracts or reports.
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Screening Process

References retrieved from the literature search were independently screened by two trained screeners
at the title and abstract level to determine whether a reference met the evidence selection criteria.
Screening procedures following the evidence selection criteria in the protocol were pilot-tested with
experienced contract staff overseen by NTP. 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 were assumed to be conference reports, editorials, or letters unlikely to contain
original data); and/or PubMed Medical Subject Headings (MeSH). Using this approach, literature was
manually screened for relevance and eligibility against the evidence selection criteria using a structured
form in SWIFT-Active Screener. While the human screeners review studies, SWIFT-Active Screener aids
in the process by employing a machine-learning software program used to priority-rank studies for
screening (Howard et al. 2020). SWIFT-Active Screener also refines a statistical model that continually
ranks the remaining studies according to their likelihood for inclusion. In addition, SWIFT-Active
Screener employs active learning to continually incorporate user feedback during title and abstract
screening to predict the total number of included studies, thus providing a statistical basis for a decision
about when to stop screening (Miller et al. 2016). Title and abstract screening was stopped once the
statistical algorithm in SWIFT-Active Screener estimated that 98% of the predicted number of relevant
studies were identified.
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.

Screening of the May 2020 Literature Search Update

Following the NASEM committee peer review in November 2019 (NASEM 2020), an additional search
was conducted on May 1, 2020, where only primary human epidemiology studies were identified. The
study screening and selection process was focused on the human studies with primary outcomes for the
evaluation because they form the basis of the conclusions. Animal in vivo, human secondary outcomeonly, and human and animal mechanistic references were identified as part of the screening process.
These studies were then scanned for evidence that might extend the information in the September 6,
2019 draft. Studies from the May 2020 literature search update will be listed in an appendix; however,
data from the studies were not extracted unless it was believed they would materially advance the
findings.

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.
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Data extraction was completed using the Health Assessment Workspace Collaborative (HAWC), an open
source and freely available web-based interface application. 5 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
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 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).
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 literature searches for
the current assessment identified and evaluated relevant animal studies published since the 2016
assessment and also included human and mechanistic data that were not previously evaluated.
Although literature search activities for the current assessment identified experimental animal studies
prior to 2015, the current assessment did not re-evaluate studies published prior to 2015, but relied on
the NTP (2016) assessment.

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

HAWC (Health Assessment Workspace Collaborative): A Modular Web-based Interface to Facilitate Development
of Human Health Assessments of Chemicals (https://hawcproject.org/portal/).
5
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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 grouping of health effect results
was not planned a priori. 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) and Duan et al. (2018) conducted meta-analyses and found that high
fluoride exposure was associated with lower IQ scores. 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.
Duan et al. (2018) suggested a significant non-linear dose-response relationship between fluoride dose
and intelligence with the relationship stated to be most evident with exposures from drinking water
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containing above 4 mg/L (or 4 ppm). Duan et al. (2018) found similar results as Choi et al. (2012) for the
standardized mean difference; however, the majority of the available studies in both analyses compare
populations with high fluoride exposure to those with lower fluoride exposure (with the lower exposure
levels frequently 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. However, in the November 2019 review of the September 6, 2019 draft monograph
(NASEM 2020), NASEM recommended that a meta-analysis be conducted. In response, NTP performed a
meta-analysis of IQ studies in children. The meta-analysis protocol can be found with the revised
systematic review protocol posted in September 2020 (https://ntp.niehs.nih.gov/go/785076).

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).
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Figure 1. Assessing Confidence in the Body of Evidence

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.
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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).

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).
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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
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 comprise a coherent biological process that may support the 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, and mechanistic events identified in studies of
animals receiving high fluoride exposures may not reflect biological processes occurring in humans at
lower exposure levels. 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
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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
Literature Search Results Counts and Title and Abstract Screening

The electronic database searches retrieved 25,524 unique references in total (20,883 references during
the initial search conducted in December 2016, 3,733 references during the literature search updates
[including the final updated search conducted for the primary epidemiology studies on May 1, 2020],
and 908 references from the supplemental Chinese database searches); 15 additional references were
identified by technical advisors or from reviewing reference lists in published reviews and included
studies. As a result of title and abstract screening, 1,038 references were moved to full-text review,
11,478 were excluded during manual title and abstract screening for not satisfying the PECO criteria, and
an additional 13,023 were not screened and excluded based on the SWIFT algorithm.

Full-text Review

Among the 1,038 references that underwent full-text review, 499 references were excluded during the
full-text review with reasons for exclusion documented at this stage; 332 references were excluded for
not satisfying the PECO criteria; and 167 references from the May 2020 searches (main literature search
update and supplemental Chinese database searches) were excluded for not including information that
would materially advance the human, animal in vivo, or mechanistic findings (see the Literature Search
Section for a description of the methodology). These screening results are outlined in a study selection
diagram that reports numbers of studies excluded for each reason at the full text review stage (see
Figure 4) [using reporting practices outlined in Moher et al. (2009)]. After full-text review, 539 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. There are:
•
•
•

159 human studies (78 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; 186 secondary only; 67 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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Evaluation of SWIFT-Active Screener Results

During the initial title and abstract screening of 20,883 references using SWIFT-Active Screener,
approximately 38% 6 of the 20,883 studies were manually screened in duplicate to identify an estimated
98.6% of the predicted number of relevant studies using the statistical algorithm in SWIFT-Active
Screener (13,023 references were not screened). SWIFT-Active Screener predicted that there were 739
relevant studies during the initial title and abstract screening, of which 729 studies were identified and
moved to full-text review. The SWIFT-Active statistical algorithm predicted that 10 relevant studies at
the title and abstract level (10 represents 1.4% × 739 predicted relevant studies; or 739 predicted
relevant studies minus 729 identified relevant studies during screening) were not identified by not
screening the remaining 13,023 studies.
To further consider the impact of using SWIFT-Active Screener for this systematic review, NTP evaluated
the SWIFT-Active screening results to gain a better understanding of the relevance of the last group of
studies that were screened before 98% predicted recall was satisfied. The goal was to determine the
likelihood of having missed important studies by not screening all of the literature. To do this, NTP
evaluated subsets of studies screened in SWIFT-Active for trends and followed those studies through to
full-text review for a final determination of relevance and potential impact (i.e., whether the studies had
data on primary outcomes). Based on this evaluation, NTP estimates that the use of Swift-Active
Screener may have resulted in missing 1–2 relevant human studies and 1–2 relevant animal studies with
primary neurodevelopmental or cognitive outcomes.

Supplemental Chinese Database Searches and Human Epidemiology Studies

Following the NASEM committee peer review in November 2019 (NASEM 2020), supplemental searches
were conducted in non-English language databases (CNKI and Wanfang). One focus of the screening of
these supplemental search results was to identify null or no-effect studies that evaluated primary
neurodevelopmental or cognitive outcomes (learning, memory, and intelligence) that may have been
missed in previous approaches or may have been absent from the Fluoride Action Network website. Of
the 908 references that were identified in the supplemental Chinese database searches, 16 relevant
studies with primary neurological outcomes were identified (which were not identified through the main
literature searches). Among these 16 studies, Kang et al. (2011) was the only null study with primary
neurological outcomes that was identified through the supplemental Chinese database searches. NTP
had the study translated to English, and the study was included. Note that Kang et al. (2011) is also
identified by the Fluoride Action Network as a null study, but their website does not include an English
translation of the study. The other 15 relevant studies contained results that would likely add to the
body of evidence showing a negative association between fluoride exposure and primary neurological
outcomes. Because this body of evidence is already so large, and because time was a factor in the
revision of the monograph, these studies were not translated or included as this information would
likely not materially advance the human findings.

Howard et al. (2020) evaluated the performance of the SWIFT-Active Screener methods for estimating total
number of relevant studies using 26 diverse systematic review datasets that were previously screened manually by
reviewers. The authors found that on average, 95% of the relevant articles were identified after screening 40% of
the total reference list when using SWIFT-Active Screener. In the document sets with 5,000 or more references,
95% of the relevant articles were identified after screening 34% of the available references, on average, using
SWIFT-Active Screener.

6
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Figure 4. Study Selection Diagram

*

Studies may have been excluded for more than one reason; the first reason identified by the screener was
recorded.
** Animal in vivo, human secondary outcome-only, and human and animal mechanistic references from the 2020
database searches were scanned for evidence that might strengthen the information in the September 6, 2019
draft monograph. Although 145 additional animal in vivo and/or mechanistic studies and 7 additional human
secondary outcome-only or mechanistic-only studies were identified, information that would materially
advance the human, animal in vivo, and mechanistic findings was not identified; therefore, these studies were
not included. Additionally, 15 human primary outcome studies from the 2020 Chinese database search were
excluded based on English abstracts and google translations because information that would materially
advance the human findings was not identified; 1 null publication from the 2020 Chinese database search
(Kang et al. 2011) was identified, translated, and included.
*** 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 = 71 studies),
learning and memory (n = 8 studies), as well as other cognitive development effects (e.g., total
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neurobehavioral scores and total mental capacity index in children and cognitive impairment in adults;
n = 14 studies) 7. 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
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 through April 2019 and considered studies from the NTP (2016)
report. Thirty-five animal studies have been identified that met these criteria, including 23 studies with
learning and memory endpoints and 12 studies with only motor and sensory endpoints. 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; however, confidence conclusions were considered with
and without higher risk-of-bias studies (i.e., studies rated probably high risk of bias for at least two key
risk-of-bias questions or definitely high for any single question) to assess the impact of the higher riskof-bias studies. The remaining studies (i.e., other than the higher risk-of-bias studies) were considered
lower risk of bias. Based on NASEM recommendations (NASEM 2020), Appendix 4 was created for the
lower risk-of-bias studies to describe strengths and limitations of the studies identified during the
assessment and to clarify why they are considered to pose lower risk of bias.

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 were also assessed, including general cognitive index (GCI), mental
capacity, mental development index (MDI), or neonatal behavioral neurological assessment (NBNA).
However, because the majority of studies evaluated intelligence, the discussion focuses primarily on IQ
in children with separate discussions on other measures of cognitive function and neurobehavioral

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

7
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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 = 92) and confidence considerations in the body of evidence and hazard conclusions are
focused on the studies with the least potential for bias (n = 31). Studies with higher potential for bias
(n = 61) have also been evaluated and determined to have little impact on the confidence and hazard
conclusions. A subgroup analysis within the meta-analysis (described in detail in Appendix 5)
demonstrated that results were robust to the exclusion of higher risk-of-bias studies (see Appendix 5,
Figure A5-6). 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 greater than the WHO Drinking Water Quality Guideline [>1.5 mg/L] (WHO 2011), but
also high exposure via fluoridated salt and food) and lower IQ or cognitive function in children. There is
also a recent study of lower IQ in children living in areas where drinking water fluoride concentrations
are <1.5 mg/L. Specifically, a study conducted in Canada observed significantly lower IQ scores 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. When looking at
maternal urinary fluoride concentrations, the significant negative association with IQ scores was seen in
in boys but not girls (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 significantly
lower IQ scores in boys and girls associated with higher perinatal exposure to fluoride (Bashash et al.
2017). Although the body of evidence in children supports lower IQ with increased 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 risk-of-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 = 28; 26 in children and 2 in adults) (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 26 studies in children:
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•
•
•
•
•

12 were conducted in 6 areas of China based on 8 study populations (1 study with both IQ and
other neurodevelopmental outcomes, 9 studies with IQ only, and 2 studies with other
neurodevelopmental outcomes);
6 were conducted in 4 areas of Mexico based on 5 study populations (1 study with both IQ
and other neurodevelopmental outcomes, 2 studies with IQ only, and 3 studies with other
neurodevelopmental outcomes);
4 were conducted in Canada using 2 separate cohorts (2 studies with IQ only and 2 studies
with other neurodevelopmental outcomes);
3 were conducted in 3 areas of India (all IQ studies); and
1 was conducted in Iran (IQ study).

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. Other neurodevelopmental outcomes
assessed in some studies included neurobehavioral effects (in infants), learning and memory
impairment, and learning disabilities such as attention deficit hyperactivity disorder (ADHD). The
different tests conducted and the populations on which the tests were conducted are indicated in
Table 6.
The lower risk-of-bias studies (i.e., studies not meeting criteria for higher risk of bias) showing
associations with cognitive neurodevelopmental effects in children include 5 prospective cohort studies
from 3 study populations (Bashash et al. 2017, Valdez Jimenez et al. 2017, Green et al. 2019, Bashash et
al. 2018, Till et al. 2020) and 21 cross-sectional studies from 16 study populations (Li et al. 2004
[translated in Li et al. 2008a], Choi et al. 2015, Rocha-Amador et al. 2007, Rocha-Amador et al. 2009,
Saxena et al. 2012, Seraj et al. 2012, Xiang et al. 2003a, Xiang et al. 2011, Zhang et al. 2015b, Ding et al.
2011, Barberio et al. 2017b, Yu et al. 2018, Cui et al. 2018, Cui et al. 2020, Wang et al. 2020b, Wang et
al. 2020a, Wang et al. 2012, Soto-Barreras et al. 2019, Sudhir et al. 2009, Trivedi et al. 2012, Riddell et al.
2019) (see Figure D1 through Figure D12). One limitation of the 21 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 from different study populations (n = 5)
indicated that a large portion of the exposed children had dental fluorosis (ranging from 43–100%) at
the time of the assessment (Choi et al. 2015, Ding et al. 2011, Seraj et al. 2012, Yu et al. 2018, Sudhir et
al. 2009). 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. Ten studies from seven study populations (including Yu et al.
(2018), Wang et al. (2012) 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, Rocha-Amador et al. 2009,
Saxena et al. 2012, Yu et al. 2018, Wang et al. 2020b, Wang et al. 2012, Xiang et al. 2011, Xiang et al.
2003a, Soto-Barreras et al. 2019, Sudhir et al. 2009). 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.
2004 [translated in 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 14 cross-sectional studies from
11 study populations, exposure occurred prior to the outcome. 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 5 lower risk-of-bias prospective cohort studies and the 14
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cross-sectional studies where exposure is considered to have occurred prior to the outcome with initial
and final ratings of moderate confidence.
Figure 5. Number of Epidemiological Studies by Outcome and Age Categories*

*Interactive figure and additional study details in
(https://public.tableau.com/profile/ntp.visuals#!/vizhome/Fluoride_Epi_2020Update/Figure5)
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study Design
(Location/Subjects)
[n]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Outcome and
Methods

Neurological Outcome
Summary

Children-IQ Studies
China
Choi et al. (2015)

Cross-sectional

Drinking water

Mianning County/1st grade
children

GM: 2.20 mg/L

[51]

Children’s urine

Children (ages 6–8 IQ: WISC-IV (square root
block design and digit
years)
span)

GM: 1.64 mg/L
Severity of fluorosis
(Dean Index)

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 age, child’s
gender, 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

Tianjin City (districts Jinghai Range (logand Dagang)/school children transformed): −1.2–
2.2
[323]

Cui et al. (2020)

Cross-sectional

Children’s urine

Tianjin City (all districts)
/school children

<1.6–≥2.5 mg/L

[498]

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
Children (ages 7–12 IQ: Combined Raven's Test No significant difference in IQ
score in the three urinary
years)
fluoride exposure groups based
on a one-way ANOVA
<1.6 mg/L = 112.16 ± 11.50
1.6-2.5 mg/L = 112.05 ± 12.01
≥2.5 mg/L = 110 ± 14.92
No statistical adjustment for
confounders
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Zhang et al.
(2015b)

Study Design
(Location/Subjects)
[n]
Cross-sectional
Tianjin City (Jinnan
District)/school children
[180]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Outcome and
Methods

Drinking water

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

Neurological Outcome
Summary
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 child’s age and
gender, if applicable

Children’s serum
Mean (SD): 0.06 (0.03)
(control), 0.18 (0.11)
(endemic fluorosis)
mg/L
Yu et al. (2018)*

Cross-sectional
Tianjin City (7 towns)
/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 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 lower IQ
score (95% CI: −8.09, −0.48)
between 3.40 and 3.90 mg/L
Adjusted for child’s age, child’s
gender, maternal education,
paternal education, and low
birth weight

Wang et al. (2020b) Cross-sectional
Tianjin City (villages not
specified)/school children
[571]

Drinking water

Children (ages 7–13 IQ: Combined Raven's Test Significant associations
between IQ and water and
for Rural China
Mean (SD): 1.39 (1.01) years)
urine fluoride concentrations in
mg/L
boys and girls combined based
Children’s urine
on both quartiles and
continuous measures (water:
Mean (SD): 1.28 (1.30)
−1.587 per 1-mg/L increase;
mg/L
urine: −1.214 per 1-mg/L
increase); there was no
significant modification effect
of gender
Adjusted for child’s age, child’s
gender, BMI, maternal
education, paternal education,
household income, and low
birth weight
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Ding et al. (2011)

Study Design
(Location/Subjects)
[n]
Cross-sectional
Inner Mongolia (Hulunbuir
City)/ elementary school
children
[331]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Outcome and
Methods

Neurological Outcome
Summary

Drinking water
Children (ages 7–14 IQ: Combined Raven's Test Significant association between
urinary fluoride and IQ score
for Rural China
Mean (SD): 1.31 (1.05) years)
(each 1-mg/L increase was
mg/L
associated with a lower IQ score
Children’s urine
of 0.59 points (95% CI: −1.09,
−0.08); dose response
Range: 0.1–3.55 mg/L
relationship between fluoride
and dental fluorosis
(p < 0.0001)
Adjusted for child’s age

Drinking water
Children (ages 8–13 IQ: Combined Raven's Test
for Rural China
Wamiao and Xinhuai villages Mean (SD): 0.36 (0.15) years)
(Sihong County)/school
(control), 2.47 (0.79)
children
(high fluoride) mg/L

Xiang et al. (2003a) Cross-sectional

[512]

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

Wamiao and Xinhuai villages
(Sihong County)/school
children (same population
as Xiang et al. (2003a))

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

[512]

Significant dose-related effect
of fluoride on IQ score based on
quintile levels with significantly
lower IQ scores observed at
water fluoride levels 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

Children (ages 8–13 IQ: Combined Raven's Test Significant trend on association
between quartiles of serum
years)
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:
1.42, 3.47]; and 2.48 [95% CI:
1.85, 3.32]); significant effects
at ≥0.05 ppm fluoride
Adjusted for child’s age and
gender

Wang et al. (2012) Cross-sectional

Drinking water

Children (ages 8–13 IQ: Combined Raven's Test
for Rural China
Wamiao and Xinhuai villages Mean (SD): 0.36 (0.11) years)
(Sihong County)/school
(control), 2.45 (0.80)
children (same population (high fluoride) mg/L
as Xiang et al. (2003a))
Children’s total
[526]

fluoride intake

Mean (SD): 0.78 (0.13)
(control), 3.05 (0.99)
(high fluoride) mg/day
Village of residence
(non-endemic v.
endemic fluorosis)

Significantly lower mean IQ in
the high fluoride village
(92.02 ± 13.00) compared to
the control village
(100.41 ± 13.21); when high
exposure group was broken into
4 exposure groups, a dosedependent decreasing IQ and
increase in % with low IQ
observed; significant correlation
between total fluoride intake
and IQ (r = −0.332); OR for
IQ<80 per increase in total
fluoride intake = 1.106; 95% CI
1.052–1.163).
Adjusted for child’s age and
gender
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study Design
(Location/Subjects)
[n]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Outcome and
Methods

Neurological Outcome
Summary

Mexico
Rocha-Amador et
al. (2007)

Cross-sectional

Drinking water

Moctezuma and Salitral in
San Luis Potosi State and 5
de Febrero of Durango State
/elementary school children

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

[132]

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

Children’s urine

Children (ages 6–10 IQ: WISC-Revised Mexican Significant associations
between fluoride and IQ scores
years)
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)
Adjusted for blood lead,
mother’s education, SES,
height-for-age z-scores, and
transferrin saturation

Bashash et al.
(2017)

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

Maternal urine during Children
pregnancy
(ages 6–12 years)
Mean (SD): 0.90 (0.35)
mg/L
Children’s urine
Mean (SD): 0.82 (0.38)
mg/L

IQ: WASI-Spanish Version Significant effect between
maternal urinary fluoride and
offspring IQ score (adjusted β =
−2.50; 95% CI: −4.12, −0.59);
associations with children’s
urine not significant
Adjusted for gestational age,
weight at birth, child’s gender,
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, education, IQ, and
cohort
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study Design
(Location/Subjects)
[n]

Soto-Barreras et al. Cross-sectional
(2019)
Chihuahua/school children
[161]

Exposure
Measures and
Summary
Statistics
Drinking water
Range: 0.05–2.93
mg/L

Assessment
Timing
Children
(ages 9–10 years)

Outcome and
Methods
IQ: Raven’s Colored
Progressive Matrices

Children’s urine
Range: 0.11–2.10
mg/L

Neurological Outcome
Summary
No significant differences in
fluoride exposure level (urine
fluoride [p = 0.559], exposure
dose [p = 0.389], or fluorosis
index [p = 0.851]) between the
different IQ grades
No statistical adjustment for
confounders

Canada
Green et al. (2019) Cohort (prospective)

Maternal urine during Children
pregnancy
(ages 3−4 years)

10 cities/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]
Girls [264]

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)

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

Significantly lower 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);
significantly lower full-scale IQ
(adjusted β = −3.66; 95% CI:
−7.16, −0.15) per 1-mg increase
in maternal fluoride intake (no
sex interaction); significantly
lower 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
changes observed in verbal IQ
Adjusted for city, HOME score,
maternal education, race,
child’s gender, and prenatal
secondhand smoke exposure
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Till et al. (2020)

Study Design
(Location/Subjects)
[n]
Cohort (prospective)
10 cities/ MIREC [398]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Maternal urine during Children
pregnancy
(ages 3−4 years)

Mean (SD)
breastfed: 0.42 (0.28)
Fluoridated [151]
mg/L in nonfluoridated areas and
Breastfed as infants [200]
0.70 (0.39) mg/L in
Formula-fed as infants [198] fluoridated areas

Non-Fluoridated [247]

Outcome and
Methods

Neurological Outcome
Summary

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

Significantly lower performance
IQ with water fluoride (−9.26
formula-fed, −6.19 breastfed)
and fluoride intake from
formula (−8.76); significantly
lower full scale IQ with water
fluoride in formula-fed (−4.40);
lower full-scale IQ for water
fluoride in breastfed (−1.34)
and fluoride intake from
formula (−2.69) were not
significant; no significant
changes in verbal IQ scores with
fluoride exposure
Adjusted for maternal
education, maternal race,
child’s age at IQ testing, child’s
sex, HOME total score, and
second-hand smoke status in
the child’s house (separate
analysis also adjusted for
mother’s urinary fluoride)

formula-fed: 0.38
(0.27) mg/L in nonfluoridated areas and
0.64 (0.37) mg/L in
fluoridated areas
Infant fluoride intake
Mean (SD)
breastfed: 0.02 (0.02)
mg/day in nonfluoridated areas and
0.12 (0.07) mg/day in
fluoridated areas
formula fed: 0.08
(0.04) mg/day in nonfluoridated areas and
0.34 (0.12) mg/day in
fluoridated areas
Drinking water
Mean (SD)
breastfed: 0.13 (0.06)
mg/L in nonfluoridated areas and
0.58 (0.08) mg/L in
fluoridated areas
formula fed: 0.13
(0.05) mg/day in nonfluoridated areas and
0.59 (0.07) mg/L in
fluoridated areas

India
Sudhir et al. (2009) Cross-sectional

Drinking water

Nalgonda District (Andhra
Pradesh)/school children

Level 1: <0.7 ppm

[1,000]

Level 3: 1.3–4.0 ppm

Children (ages 13– IQ: Raven's Standard
15 years)
Progressive Matrices

Level 2: 0.7–1.2 ppm
Level 4: >4.0 ppm
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distributions of IQ grades (i.e.,
increase in intellectually
impaired children) with
increasing drinking water
fluoride levels
No statistical adjustment for
confounders
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study Design
(Location/Subjects)
[n]

Exposure
Measures and
Summary
Statistics
Drinking water

Saxena et al. (2012) Cross-sectional
Madhya Pradesh/school
children

≥1.5 mg/L (high
fluoride group)

[170]

Children’s urine

Assessment
Timing
Children (age 12
years)

Outcome and
Methods
IQ: Raven's Standard
Progressive Matrices

Range: 1.7–8.4 mg/L

Neurological Outcome
Summary
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

Drinking water
Children (age 12–
Mean (SE): 0.84 (0.38) 13 years)
Kachchh, Gujarat/school
children (6th and 7th grades) (low), 2.3 (0.87) (high)

Trivedi et al. (2012) Cross-sectional

Children’s urine

[84]

IQ: questionnaire
prepared by Professor JH
Shah (97% reliability
rating)

Mean (SE): 0.42 (0.23)
(low), 2.69 (0.92)
(high)

Significantly lower IQ score in
the high fluoride (92.53 ± 3.13)
compared to the low fluoride
(97.17 ± 2.54) areas in boys and
girls combined (as well as
separately)
No statistical adjustment for
confounders

Iran
Seraj et al. (2012)

Cross-sectional

Drinking water

Makoo/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 IQ: Raven's Colored
years)
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 child’s age, child’s
gender, child’s education level,
mother’s education level,
father’s education level, and
fluorosis intensity

Children-Other Neurodevelopmental Studies
China
Choi et al. (2015)

Drinking water

Cross-sectional
Mianning
children
[51]

County/1st

grade

GM: 2.20 mg/L
Children’s urine

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

GM: 1.64 mg/L

Visual motor ability:
WRAVMA

Severity of fluorosis
(Dean Index)

Motor ability: Finger
tapping task
Manual dexterity:
Grooved pegboard test
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Li et al. (2004)
[translated in Li et
al. 2008a]

Study Design
(Location/Subjects)
[n]

Exposure
Measures and
Summary
Statistics

Cross-sectional

Drinking water

Zhaozhou County,
Heilongjiang
Province/neonates

Range: 0.5–1.0 mg/L
(control); 1.7–6.0
mg/L (high)

[91]

Maternal urine during
pregnancy

Assessment
Timing
Neonates (24–72
hours after
delivery)

Outcome and
Methods
Neurodevelopmental:
Neonatal behavioral
neurological assessment
(NBNA)

Mean (SD): 1.74 (0.96)
mg/L (control); 3.58
(1.47) mg/L (high)

Neurological Outcome
Summary
Significant differences in
neurobehavioral assessment
total scores between highfluoride (36.48 ± 1.09) and
control groups (38.28 ± 1.10);
significant differences in total
score of behavioral capability
that includes measures of nonbiological 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

Wang et al. (2020a) Cross-sectional
Tongxu County/school
children
[325]

Children’s urine

Children (ages 7–13 ADHD and behavior
measures: Conners’
Mean (SD): 1.54 (0.89) years)
Parent Rating Scalemg/L
Revised (Chinese version)
(CPRS-48)

Significant association between
psychosomatic problems and
urinary fluoride level (per 1mg/L increase β=4.01; 95% CI
2.74, 5.28; OR for T-score
>70=1.97; 95% CI 1.19, 3.27)
Adjusted for child’s age, child’s
gender, child’s BMI, urinary
creatinine, mother migrated
and father migrated

Mexico
Rocha-Amador et
al. (2009)

Cross-sectional

Children’s urine

Durango/elementary school GM (SD): 5.6 (1.7)
mg/L
children
[80]

Children (ages 6–11 Visuospatial organization
and visual memory: Reyyears)
Osterrieth 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

Valdez Jimenez et
al. (2017)

Durango City and Lagos de
Moreno/infants

Infants (ages 3–15
Range: 0.5–12.5 mg/L months)
(all trimesters)

[65]

Maternal urine

Cohort (Prospective)

Drinking water

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,
child’s age, marginality index,
and type of drinking water
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study
Bashash et al.
(2017)

Study Design
(Location/Subjects)
[n]
Cohort (prospective)
Mexico City/Early Life
Exposures in Mexico to
Environmental Toxicants
(ELEMENT) participants
[299]
GCI analysis [287]

Bashash et al.
(2018)

Cohort (prospective)
Mexico City/Early Life
Exposures in Mexico to
Environmental Toxicants
(ELEMENT) participants

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Maternal urine during Children
pregnancy
(age 4 years)
Mean (SD): 0.90 (0.35)
mg/L
Children’s urine

Outcome and
Methods

Neurological Outcome
Summary

General cognitive index
Significant effect between
(GCI): McCarthy Scales of maternal urinary fluoride and
Children’s Abilities (MSCA) offspring GCI score (adjusted
β = −3.15; 95% CI: −5.42, −0.87);
associations with children’s
urine not significant

Mean (SD): 0.82 (0.38)
mg/L

Adjusted for gestational age,
weight at birth, child’s gender,
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

Maternal urine during Children (ages 6–12 ADHD: Conners' Rating
Scales-Revised (CRS-R)
years)
pregnancy

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)

Mean 0.85 (95% CI:
0.81, 0.90) mg/L

[210]

Adjusted for gestational age,
birth weight, child’s gender,
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
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study Design
(Location/Subjects)
[n]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Outcome and
Methods

Neurological Outcome
Summary

Canada
Barberio et al.
(2017b)

Cross-sectional
General population/
Canadian Health Measures
Survey (Cycles 2 and 3)
[2,221]

Children’s urine

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
unadjusted urinary fluoride
(associations no longer
significant once adjusted for
creatinine and specific gravity);
no significant associations
found between urinary fluoride
and ADHD (only evaluated in
Cycle 2)
Adjusted for child’s age, child’s
gender, household income
adequacy, and highest attained
education in the household

Riddell et al. (2019) Cross-sectional
General population/
Canadian Health Measures
Survey (Cycles 2 and 3)
[3,745]

Children’s urine
Children (ages 6–17
Mean (SD): 0.61 (0.39) years)
mg/L; non-fluoridated
water-0.46 (0.32)
mg/L, fluoridated
water-0.82 (0.54)
Drinking water
Mean (SD): 0.23 (0.24)
mg/L; non-fluoridated
water-0.04 (0.06)
mg/L, fluoridated
water-0.49 (0.22)
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Hyperactivity/inattention: Significantly increased risk of
Strengths and Difficulties ADHD with fluoride in tap water
(adjusted OR = 6.10 per 1-mg/L
Questionnaire (SDQ)
increase; 95% CI: 1.60, 22.8) or
ADHD: parent or selfcommunity water fluoridation
reported physician
status (1.21; 95% CI: 1.03, 1.42),
diagnosis
but not with urinary fluoride;
similar results observed with
attention symptoms based on
the SDQ scores
Adjusted for child’s age, child’s
gender, child’s BMI, ethnicity,
parental education, household
income, blood lead, and
smoking in the home
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Table 6. Studies on Neurodevelopmental and Cognitive Function in Humansa,b

Study

Study Design
(Location/Subjects)
[n]

Exposure
Measures and
Summary
Statistics

Assessment
Timing

Outcome and
Methods

Neurological Outcome
Summary

Adult Studies
Jacqmin et al.
(1994)

Cross-sectional

Drinking water

France (Gironde and
Dordogne)/elderly adults

Range: 0.03–2.03 mg

Adults (ages ≥ 65
years)

Cognitive function: MiniMental State (MMS)
Examination

[3,490]

Li et al. (2016)

Cross-sectional
China (Inner
Mongolia)/adults
[511]

No significant increase in the
prevalence of cognitive
impairment with increasing
fluorine quartiles
No statistical adjustment for
confounders

Drinking water intake Adults (ages ≥
and urinary fluoride 60 years)
Mean (SD) levels
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

*Three additional publications based on subsample (i.e., 50–60 children) of the larger Yu et al. (2018) cohort were identified (Zhao et
al. 2020, Zhou et al. 2019, Zhao et al. 2019); however, these publications focused on mechanistic considerations and are not
included in the study totals for IQ because the main study by Yu et al. (2018) is considered a better representation of the IQ results.
aIncludes lower risk-of-bias studies.
bDefinitions: 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 28 studies (including 26 studies in children and 2 in
adults) had little or no risk-of-bias concerns, and confidence in the body of evidence was not
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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 or had other
major concerns. 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 5 of the 26 lower risk-of-bias studies in children (see Confounding for
further discussion). Among the studies with higher overall 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 = 32) included in the entire human body of evidence were initially
published in a foreign language (mainly Chinese) and were either translated and published in volume 41
of the journal Fluoride (n = 19) or were translated by the Fluoride Action Network (n = 13)
(http://fluoridealert.org/researchers/translations/complete_archive/). Most of these studies were
considered to have high potential for 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.
1991 [translated in Chen et al. 2008], Du et al. 1992 [translated in Du et al. 2008], Guo et al. 1991
[translated in Guo et al. 2008a], Li et al. 2009). For all five studies, the translations were determined to
be accurate and there was no impact on the key risk-of-bias concerns.
Confounding
Potential confounding variables and/or effect modifiers that were considered key for all studies,
populations, and outcomes included child’s age, child’s sex, and socioeconomic status (e.g., maternal
education, household income, marital status, crowding). Additional potential confounding variables
and/or effect modifiers considered important for this evaluation depending on the study population and
outcome included race/ethnicity; maternal demographics (e.g., maternal age, body mass index [BMI]);
parental behavioral and mental health disorders (e.g., ADHD, depression); 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 three key covariates for all studies, the potential for co-exposures if applicable (e.g., arsenic and
lead, both of which could affect cognitive function), and any other 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. In order to identify areas of China, India, and Mexico where arsenic is a concern,
groundwater quality maps were evaluated (https://www.gapmaps.org/Home/Public#) (Podgorski and
Berg 2020). If no arsenic measurements were available for the area, the arsenic groundwater quality
predictions from the global arsenic 2020 map were used (Podgorski and Berg 2020). If an area had less
than 50% probability of having arsenic levels greater than 10 µg/L (the WHO guideline concentration),
the area was considered not to have an issue with arsenic that needed to be addressed by the study
authors.
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Among studies with lower risk-of-bias concerns, 21 of the 26 studies were considered to have lower
potential for bias due to confounding. Relative to confounders considered key for all studies and
populations (i.e., age, sex, and SES), one study did not address age, one study did not address sex, and
two studies did not account for indicators of SES (e.g., parental education, household income). Nine of
the 26 lower risk-of-bias studies accounted for maternal or family member smoking. Potential
confounding related to co-exposure to arsenic was not accounted for in five lower risk-of-bias studies
and was the main potential concern in these studies; however, three of these studies (Xiang et al. 2011,
Wang et al. 2012, Xiang et al. 2003a) were still considered low risk of bias for confounding due to the
fact that arsenic was observed in the low fluoride areas (which would bias the effect toward the null),
but an effect was still observed. The other two studies did not address arsenic and were in areas that
had potential for arsenic exposure to occur (Soto-Barreras et al. 2019, Valdez Jimenez et al. 2017). Seven
studies did not consider co-exposures to lead; however, for all of these studies this co-exposure was
considered unlikely to have an impact in these study populations as there was no evidence that lead was
prevalent or occurring in relation to fluoride.
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 5 of 26 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
but two of the lower risk-of-bias studies in children reported an association between higher fluoride
exposure and lower IQ or another cognitive effect. Seven of the lower risk-of-bias studies confirmed the
robustness of the results by conducting sensitivity analyses (Bashash et al. 2018, Bashash et al. 2017,
Green et al. 2019, Yu et al. 2018, Wang et al. 2020a, Wang et al. 2020b, Till et al. 2020). 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 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. Both Wang et al. (2020a) and Wang et al. (2020b) found the results of the sensitivity analysis
to be the same as the results from the preliminary analysis. Till et al. (2020) found that adjusting for
maternal urinary fluoride levels had little effect on the results.
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 (50 of 61 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 = 20 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
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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, Seraj et al. 2012, Choi et al.
2015, Yu et al. 2018, Saxena et al. 2012, Xiang et al. 2003b). 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 risk-of-bias studies, given the consistency of the evidence, confounding among
higher risk-of-bias studies is likely less of a concern for the body of evidence as a whole than for any
individual study.
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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 coexposure 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), serum, individual drinking water, intake
from infant formula, estimated total exposure dose, municipal drinking water (with residence
information), area of residence (endemic versus a non-endemic 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 some
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 (Villa et al. 2010, Watanabe et al. 1995); 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. Good 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 creatinine 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. 2018, Bashash et al. 2017, Green et al. 2019, Valdez Jimenez et al.
2017). Other studies demonstrated correlations between the urinary fluoride and fluoride in the
drinking water, fluorosis, or estimated dose based on water (Green et al. 2019, Saxena et al. 2012,
Zhang et al. 2015b, Ding et al. 2011, Choi et al. 2015, Yu et al. 2018). 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
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adjustments were made for 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 = 3), 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 (Sun et al. 1991, Li et al. 2003 [translated in Li et al. 2008c], Ren et al. 1989 [translated in Ren et al.
2008]). 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 (Li et al. 2010).
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. Four studies (Barberio
et al. 2017b, Riddell et al. 2019, Sudhir et al. 2009, Wang et al. 2020a) had concerns for potential bias in
the outcome assessment and that was due to either the use of self-reported of outcomes or the lack of
accounting for blinding at the time of the outcome assessment in cases where there was potential
concern. The remainder of the studies used appropriate measures of IQ or other cognitive effects for
the study population. Seventeen of the studies reported blinding of the outcome assessors or
correspondence with the study authors indicated that it was not likely an issue. 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
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measures (e.g., Seguin Form Board Test to test for IQ), or the test was not considered appropriate for
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 17 studies (3 prospective cohort and 14 cross-sectional studies from 13 different study
populations) with lower potential for bias that evaluated IQ in children (Bashash et al. 2017, Choi et al.
2015, Ding et al. 2011, Rocha-Amador et al. 2007, Saxena et al. 2012, Seraj et al. 2012, Xiang et al.
2003a, Xiang et al. 2011, Zhang et al. 2015b, Yu et al. 2018, Green et al. 2019, Cui et al. 2018, Wang et
al. 2020b, Wang et al. 2012, Sudhir et al. 2009, Till et al. 2020, Trivedi et al. 2012) provide consistent
evidence that exposure to fluoride is associated with lower IQ scores (see Figure D1 through Figure D7);
however, the analyses performed and the specific results varied by study. Consistent results between
increased fluoride levels and lower IQ scores were seen across studies using different exposure
measures [e.g., single serum samples (Xiang et al. 2011, Zhang et al. 2015b), single spot urine samples in
children (Xiang et al. 2003a, Rocha-Amador et al. 2007, Ding et al. 2011, Saxena et al. 2012, Zhang et al.
2015b, Cui et al. 2018, Yu et al. 2018, Wang et al. 2020b), and prenatal maternal urinary measures
(Bashash et al. 2017, Green et al. 2019)] (see Figure D6 and Figure D7). The consistency also occurs
across different study designs and study populations. There were two studies with lower potential for
bias (Cui et al. 2020, Soto-Barreras et al. 2019) that did not provide evidence of an association between
fluoride exposure and IQ, but evaluating the association between fluoride and IQ levels was not the
primary focus in either of these studies.
The three prospective cohort studies all found an association between increasing fluoride exposure and
lower IQ in children. Two of the studies (Green et al. 2019, Till et al. 2020) were based on the same
study population but evaluated fluoride exposure differently. 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 lower IQ score [95% CI:
−4.12, −0.59]) 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 lower IQ score [95% CI:
−2.63, 0.85]) (Bashash et al. 2017). Green et al. (2019) also observed a significantly lower IQ for boys
associated with maternal urinary fluoride averaged across trimesters (a significant 4.49-point lower IQ
score [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 (1.95point lower IQ score 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 lower IQ scores 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 significantly
lower IQ score of 3.66 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 lower IQ score per 1-mg/L increase in fluoride in
both boys and girls combined (95% CI: −10.39, −0.19) (Green et al. 2019). Using the same study
population as Green et al. (2019), but using fluoride intake from formula or water concentrations in
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formula-fed versus breastfed infants, Till et al. (2020) observed a significantly lower performance IQ
scores regardless of the comparison used. They did not observe any effect on verbal IQ, and full-scale IQ
was only significantly lower in formula-fed infants using water fluoride concentrations as the exposure
measure. All other comparisons showed negative associations but were not significant.
Cross-sectional studies also demonstrated a consistent association between fluoride and lower IQ
scores. 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 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 lower IQ score (95% CI: −1.09, −0.08) per 1mg/L increase in urinary fluoride (p-value < 0.0001) (see Figure D7). Cui et al. (2018) observed a
significant association between log-transformed children’s single spot urine fluoride and lower IQ scores
(2.47-point lower IQ scores [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 lower IQ
score [95% CI: −18.69, −5.94] per unit increase in urinary fluoride) (Cui et al. 2018).
Although Green et al. (2019) observed a significant negative association between maternal fluoride
levels and IQ scores in boys but not girls in a Canadian population, sex differences were not observed in
a cross-sectional study conducted using children spot urine fluoride concentrations in China (Wang et al.
2020b). Wang et al. (2020b) evaluated boys and girls combined and separately and observed significant
decreasing trends in the sexes both combined and alone by urinary fluoride quartiles. When evaluated
as a continuous variable, spot urinary fluoride levels (per 1-mg/L increase) were significantly associated
with lower IQ scores in both girls (−1.379 [95%CI: −2.628, −0.129]) and boys (−1.037 [95% CI: −2.040,
−0.035]), as well as, combined (−1.214 [95%CI: −1.987, −0.442]). Green et al. (2019) did not find any sex
difference when using water fluoride concentrations, but Wang et al. (2020b) found that based on water
fluoride quartiles there was a significant trend in girls and in boys and girls combined but not in boys
alone. While there was a decreasing trend in boys, the results did not achieve statistical significance (p =
0.077). However, when water fluoride levels were evaluated as a continuous variable (per 1 mg/L
increase), there were significant associations between lower IQ scores in both girls (−1.649 [95%CI:
−3.201, −0.097] and boys (−1.422 [95%CI: −2.792, −0.053], as well as, combined (−1.587 [95%CI: −2.607,
−0.568]).
Other cross-sectional studies also observed consistent results across populations, but there were some
slight variations based on exposure measurement, level of exposure, or based on the outcome
measured. 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.,
significantly lower WISC-IV backward and total digit span scores) and fluoride exposure based on
moderate or severe dental fluorosis in children (see Figure D7). While observing no association between
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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 an IQ score 2.67 points lower (95% CI: −4.67, −0.68) for every 0.5mg/L increment of urinary fluoride—and high children’s urinary fluoride levels at 2.50–5.54 mg/L with
an IQ score of 0.84 points lower (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 lower IQ score [95% CI: −8.09, −0.48] for every 0.5-mg/L
increment of water fluoride); a 0.04-point lower IQ score (95% CI: −0.33, 0.24) was observed for 0.5mg/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 an increased risk (adjusted OR = 1.25; 95% CI: 0.69,
2.26) for marginal intelligence (i.e., IQ score = 70–79) and a decreased risk (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).
Two lower risk-of-bias studies (Cui et al. 2020, Soto-Barreras et al. 2019) did not observe a significant
association between fluoride and IQ in children; however, both studies only performed simple
comparisons between IQ and fluoride exposure. Cui et al. (2020) studied children in the same region as
Cui et al. (2018)—and possibly included some of the same subjects but over a longer timeframe—and
did not observe a significant change in IQ score with increasing urinary fluoride levels. Although there
was a 2-point drop in IQ between the lowest fluoride exposure group (i.e., spot urine fluoride < 1.6
mg/L) and the highest fluoride exposure group (i.e., ≥ 2.5 mg/L), the difference in IQ (112.16 ± 11.50
versus 110.00 ± 14.92) was not significant (p = 0.58). However, this study did not account for age in the
analysis, even though they reported a significant difference in IQ score based on age (p < 0.001). SotoBarreras et al. (2019) also did not find an association between various fluoride exposure metrics (water,
spot urine, exposure dose, and fluorosis index) and IQ grade. However, this study only compared
fluoride exposure levels within the 5 IQ grades and did not adjust for any potential confounders.
The results from 47 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 47 studies reported an association between high fluoride exposure and lower IQ scores in children.
Meta-analysis
In response to the recommendations of the NASEM review of the September 6, 2019 draft monograph
(NASEM 2020), a two-part meta-analysis was conducted. The first part was an update to two previous
meta-analyses (Choi et al. 2012, Duan et al. 2018) of group-level exposures from studies that reported a
comparison of the mean IQ score between two or more exposure groups. The second part was a new
meta-analysis and included studies with more precise individual-level exposures (e.g., urine, water,
fluoride intake). The meta-analysis protocol can be found with the revised systematic review protocol
posted in September 2020 (https://ntp.niehs.nih.gov/go/785076).
Group-level exposures
For the group-level exposure meta-analysis, a comparison on the mean outcome measure (IQ score) was
conducted across two exposure groups (“exposed” and “reference”). If there were more than two
exposure groups, the highest exposure group was designated the exposed group and the lowest
exposure group was designated the reference group. For studies that had more than one exposed group
(n = 17), a sensitivity analysis was performed to evaluate the impact of using any exposed group
compared to the reference group. Using mean IQ levels with measures of uncertainty (95% confidence
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interval [CI], standard error [SE], and sample size [N]) for exposed versus reference groups, the
standardized mean difference (SMD) and corresponding 95% CI were calculated for each study. Given
the heterogeneity of the studies, random effects models were used to obtain the pooled effect
estimate, calculated as a weighted SMD with a corresponding 95% CI. These methods are consistent
with both the Choi et al. (2012) and Duan et al. (2018) meta-analyses. More detailed methods are
provided in Appendix 5 and in the meta-analysis protocol, which can be found with the revised
systematic review protocol posted in September 2020 (https://ntp.niehs.nih.gov/go/785076).
Characteristics of the 46 studies that compared mean IQ scores between groups of children with
different levels of fluoride exposure are shown in Table A-1. One study was conducted in New Zealand,
1 study was conducted in Mexico, 4 studies were conducted in Iran, 9 studies were conducted in India,
and the remaining 31 studies were performed in China (Table A-1). Five study populations were exposed
to fluoride from coal burning (Guo et al. 1991 [translated in Guo et al. 2008a], Li et al. 1994 [translated
in Li et al. 2008b], Li et al. 1995, Li et al. 2009, Bai et al. 2014); otherwise, it is assumed that study
populations were exposed to fluoride through drinking water. Measures of fluoride exposure included
water fluoride (n = 28), dental fluorosis (n = 7), and other non-drinking water sources of exposure to
fluoride (e.g., fluoride exposure from coal burning [n = 11]). Thirteen studies presented results for males
and 12 studies reported results for females; 9 studies examined children < 10 years old and 11 studies
examined children ≥ 10 years old. The CRT-RC was used to measure children’s IQ in 23 studies. Other
measures of IQ included Wechsler intelligence tests (Ren et al. 1989 [translated in Ren et al. 2008],
Wang et al. 1996 [translated in Wang et al. 2008b], An et al. 1992, Broadbent et al. 2015), the Binet IQ
test (Guo et al. 1991 [translated in Guo et al. 2008a], Xu et al. 1994), the Raven’s test (Yao 1997, Yao et
al. 1996, Seraj et al. 2006, Seraj et al. 2012, Eswar et al. 2011, Poureslami et al. 2011, Shivaprakash et al.
2011, Khan et al. 2015, Sebastian and Sunitha 2015, Mondal et al. 2016), the Raymond B Cattell test
(Karimzade et al. 2014), the Japan IQ test (Sun et al. 1991, Zhang et al. 1998), the Index of Mental
Capacity (Li et al. 1994 [translated in Li et al. 2008b]), the Sequin Form Board test (Nagarajappa et al.
2013), and other tests using a doctor-prepared questionnaire (Trivedi et al. 2012, Trivedi et al. 2007).
This meta-analysis includes 27 studies that were also included in Choi et al. (2012) and 25 studies that
were also included in Duan et al. (2018). Also included in this meta-analysis were an additional 3 studies
published since the Duan et al. (2018) publication and 11 studies that were not captured in either of the
previous meta-analyses. Overall, the updated group-level results were highly consistent with these
previous meta-analyses (Choi et al. 2012, Duan et al. 2018) (Table A5-1).
The random-effects pooled SMD estimated from the 46 studies included in the meta-analysis was −0.50
(95% CI: −0.61, −0.39) (Table A5-1, Figure A5-1). There was evidence of heterogeneity (I2 = 89%, p <
0.001, Table A5-1) and publication bias (funnel plot and Egger’s p < 0.001, Begg’s p = 0.08; Figure A5-2,
Figure A5-3). Eliminating publication bias through trim-and-fill analysis supports the results with an
adjusted pooled effect estimate of – 0.42 (95% CI: −0.54, 0.30) (Figure A5-4). Among the 46 studies, all
but two showed SMD estimates that indicated an inverse association, ranging from −5.34 (95% CI: −6.34,
−4.34) to −0.04 (95% CI: −0.45, 0.36). The studies with a positive association (Broadbent et al. 2015)
reported an SMD estimate of 0.01 (95% CI: −0.19, 0.22) to 0.13 (95% CI: −0.16, 0.42). Three studies
(Aravind et al. 2016, Kundu et al. 2015, Razdan et al. 2017) were excluded from the main analysis due to
uncertainties about the way the intelligence assessment for children was performed, but sensitivity
analyses that included these studies did not reveal any substantial changes in the pooled SMD estimate
(−0.57 [95% CI: −0.69, −0.45]) (see Figure A-35).
Several subgroup analyses, discussed in Appendix 5 and outlined in the meta-analysis protocol (found
with the revised systematic review protocol posted in September 2020
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[https://ntp.niehs.nih.gov/go/785076]), included risk of bias, gender, age group, country, outcome
assessment type, and exposure assessment type. Among the lower risk-of-bias studies (n = 9), the
random-effects pooled SMD was −0.31 (95% CI: −0.52, −0.10) with an I2 of 87% and heterogeneity test pvalue < 0.001 (Table A5-1 and Figure A5-6). There was no evidence of publication bias (funnel plot and
Egger’s p = 0.72, Figure A5-7 and Figure A5-8). Among the higher risk-of-bias studies (n = 37), the
random-effects pooled SMD was −0.56 (95% CI: −0.68, −0.43) with an I2 of 88% and heterogeneity test pvalue < 0.001 (Table A5-1 and Figure A5-6). There was evidence of publication bias among the higher
risk-of-bias studies (funnel plot and Egger’s p < 0.001, Figure A5-7 and Figure A5-8); eliminating
publication bias through trim-and-fill analysis supports the results with an adjusted pooled SMD
estimate of −0.35 (95% CI: −0.50, −0.21) (Figure A5-7 and Figure A5-9).
Subgroup analyses by gender, age group, country, outcome assessment type, and exposure assessment
type further support the consistent and robust pattern of results (Table A5-1). Except for the subgroup
analysis of the four studies from Iran, heterogeneity remained at an I2 of ≥ 70% when the analyses were
restricted by subgroup. Sensitivity analyses that removed an outlier (Khan et al. 2015) or compared all
exposed groups versus the reference (i.e., exposed groups were combined if a study reported more than
one exposed group) also did not appreciably change the results (Figure A-45, Table A5-1, and Figure A25).
Individual-level exposures
The individual-level exposure meta-analysis included 6 studies with individual-level exposures that
reported effect estimates as beta coefficients and included a 95% CI or SE. Characteristics of the studies
with individual-level exposures are shown on Table B-1. All studies included in this meta-analysis were
considered lower risk of bias. Adjusted effect estimates were used, and if results from multiple models
were reported within a single study, the most adjusted results were selected. (For more details, see the
meta-analysis protocol, which can be found with the revised systematic review protocol posted in
September 2020 [https://ntp.niehs.nih.gov/go/785076].) To ensure consistent units across studies, units
of fluoride exposure were transformed to 1 mg/L. For Bashash et al. (2017), Yu et al. (2018), and Till et
al. (2020), units of exposure were transformed from 0.5 mg/L to 1 mg/L. For Cui et al. (2018), units of
exposure were transformed from 1 log mg/L to 1 mg/L. Cui et al. (2018) reported an association
between IQ and log transformed exposure. A sensitivity analysis was performed to evaluate the impact
of using Cui et al. (2018), since the relationship between IQ and exposure evaluated in this study was not
linear (as was the case among the other studies included). Yu et al. (2018) reported estimates from
piecewise linear regression models and provided three ranges for urinary fluoride exposure (low 0.01–
1.60 mg/L, medium 1.60–2.50 mg/L, high 2.50–5.54 mg/L) and two ranges for water fluoride (low 0.20–
3.40 mg/L and high 3.40–3.90 mg/L). Since these piecewise effect estimates are likely correlated, the
study-specific pooled effect estimates were used for urine and water fluoride exposures for the overall
effect meta-analysis. A sensitivity analysis was performed to evaluate the impact of using pooled
estimates rather than piecewise estimates from Yu et al. (2018).
For studies with overlapping populations (i.e., multiple studies that used the same cohort), results were
selected considering the following factors: most appropriate exposure metric, exposure range, exposure
period, number of subjects, and statistical adjustment for potential confounders. In the overall effect
analysis, for studies reporting multiple measures of fluoride exposure, the results associated with
measured or estimated individual-level exposures, biomarker levels (such as urinary fluoride), or
fluoride intake levels were prioritized over water fluoride concentrations (revised protocol posted in
September 2020 [https://ntp.niehs.nih.gov/go/785076]); however, subgroup analyses by exposure
metric (urinary fluoride, fluoride intake, and water fluoride) were also performed. Yu et al. (2018) and
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Wang et al. (2020b) used the same study cohort of children recruited in 2015 from the rural areas of
Tianjin City, China. Since Wang et al. (2020b) (n = 571) used a subset of the original study sample from
Yu et al. (2018) (n = 2,668), only results from Yu et al. (2018) were included in the meta-analysis. A
sensitivity analysis was performed to evaluate the impact of using the effect estimate from Wang et al.
(2020b) rather than the pooled effect estimate from Yu et al. (2018). Green et al. (2019) and Till et al.
(2020) used the same Maternal-Infant Research on Environmental Chemicals (MIREC) cohort that
reported drinking tap water in 10 Canadian cities with the studies overlapping for 398 mother-child
pairs. Both studies reported effect estimates for maternal urinary fluoride (MUF) and water fluoride
concentrations. In the Green et al. (2019) study, 512 mother-child pairs had MUF data (and all
covariates) compared to 398 pairs in Till et al. (2020). Water fluoride levels were available for 420 pairs
in Green et al. (2019) compared to 398 pairs in Till et al. (2020). Both studies reported effect estimates
adjusted for maternal education, maternal race, child’s sex, HOME total score, and secondhand smoke
status in the child’s home. In addition, Till et al. (2020) adjusted for child’s age at IQ testing (the age
range for all children was 3–4 years old). Because of the larger sample size and covariate adjustments
were similar, results from Green et al. (2019) were included in the main analysis. However, because of
the more adjusted estimates from Till et al. (2020) compared to Green et al. (2019), a sensitivity analysis
was performed using the water fluoride result for formula-fed children and the MUF result from Till et
al. (2020). For fluoride from intake, the estimates from both studies were used since they represent
total fluoride intake (Green et al. 2019) and infant fluoride intake from formula (Till et al. 2020).
The overall pooled effect estimate based on 6 lower risk-of-bias studies with individual-level measures
of exposure shows that a 1-mg/L increase in urinary fluoride was associated with a statistically
significant lower IQ score of 1.40 (95% CI: −2.33, −0.47) points. Studies with individual-level urinary
fluoride measures had evidence of moderate heterogeneity (I2 = 46%, p = 0.101; Table A5-2, Figure A516). Eliminating publication bias through trim-and-fill analysis supports the conclusion that a 1-mg/L
increase in individual-level exposure to urinary fluoride was associated with lower IQ, with an adjusted
pooled effect estimate of −0.82 (95% CI: −1.81, 0.17) (Figure A5-19). Fluoride intake and water fluoride
were also significantly associated with an IQ score of 3.31 points lower (95% CI: −6.12, −0.50) and 4.77
points lower (95% CI: −9.10, −0.45), respectively (Table A5-2); however, the results for both metrics
were based on two studies each and should be interpreted with caution.
No substantial changes in the pooled effect estimates were seen in sensitivity analyses to evaluate the
following scenarios: using the piecewise estimates from Yu et al. (2018) (−1.37, 95% CI: −2.38, −0.37) (B1); using effect estimates from Wang et al. (2020b) rather than Yu et al. (2018) (−1.24, 95% CI: −1.94,
−0.54) (Figure B-6); and using the water fluoride result for formula-fed children and MUF result from Till
et al. (2020) rather than effect estimates from Green et al. (2019) (−1.50, 95% CI: −2.44, −0.57) (Figure
B-11).
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 six cross-sectional studies (Li
et al. 2004 [translated in Li et al. 2008a], Rocha-Amador et al. 2009, Choi et al. 2015, Barberio et al.
2017b, Wang et al. 2020a, Riddell et al. 2019) based on seven study populations 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. 2004 [translated in Li et al. 2008a],

51

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.
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 lower (p < 0.05) 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
(Li et al. 2004 [translated in 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 lower scores
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. Riddell et al. (2019) used the same Canadian Health
Measured Survey, but evaluated children 6–17 years old. Riddell et al. (2019) found a significantly
increased risk for ADHD diagnosis with both tap water fluoride (adjusted OR per 1-mg/L increase = 6.10;
95% CI: 1.60, 22.8) and community water fluoridation status (adjusted OR = 1.21; 95% CI: 1.03, 1.42). A
similar increase in hyperactivity-inattention symptoms score based on the Strengths and Difficulties
Questionnaire was observed with both tap water fluoride (adjusted β per 1-mg/L increase = 0.31; 95%
CI: 0.04, 0.58) and community fluoridation status (adjusted β = 0.11; 95% CI: 0.02, 0.20). As was
observed with Barberio et al. (2017b), Riddell et al. (2019) did not observe an association with either
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ADHD diagnosis (adjusted OR per 1-mg/L increase = 0.96; 95% CI: 0.63, 1.46) or hyperactivity-inattention
symptoms (adjusted β = 0.31; 95% CI: −0.04, 0.66) and specific-gravity-adjusted spot urinary fluoride
concentrations. 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 ADHD-like symptoms, particularly those
related to inattention (an increase in 0.5 mg/L of maternal urinary fluoride was associated with a 2.84point 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 (CPTII, 2nd Edition), a computerized test of sustained attention and inhibitory control (Bashash et al. 2018).
Wang et al. (2020a) also used a Connors’ Parent Rating Scale (Chinese version), but only found a
significant association between spot urinary fluoride concentrations (model adjusted for creatinine) and
psychosomatic problems (adjusted OR for T-score > 70 = 1.97; 95% CI: 1.19, 3.27 and adjusted β = 4.01;
95% CI: 2.74, 5.28). No associations were found between spot urinary fluoride and ADHD index or other
behavioral measures.
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 (Li et al. 1994 [translated in Li et al. 2008b], Shannon et al.
1986, Malin and Till 2015, Morgan et al. 1998, 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 et al. 1995),
diminished performance on several neurobehavioral core battery tests (NCTBs) (Guo et al. 2001
[translated in 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
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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
on thyroid hormones in children (Singh et al. 2014, Zhang et al. 2015b, Kumar et al. 2018), adults
(Kheradpisheh et al. 2018b, Kheradpisheh et al. 2018a, 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 (Kheradpisheh et al.
2018b, Peckham et al. 2015) (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 (Zhang et al. 2015b, Singh et al. 2014, 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.
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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
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. 1992 [translated in Du et al.
2008], Yu et al. 1996 [translated in 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, Yang et al. 1994 [translated in Yang et al. 2008], Wang et al. 2001) 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 fluorideassociated 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, Susheela et al. 2005, Wang et al. 2001, Yang et al. 1994 [translated in Yang et al. 2008], Yao et
al. 1996, 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
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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. 1992 [translated in Du et al. 2008], Yu et al. 1996 [translated in Yu et al. 2008]).
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).
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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
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

[Note: An earlier version of the monograph underwent NASEM committee peer review in November
2019 (NASEM 2020). In this earlier review the committee criticized this section primarily over concerns
that the NTP’s risk-of-bias evaluations failed to adequately capture a number of important threats to
internal validity that are specific to neurobehavioral outcomes in animal tests. The committee found
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several examples of studies cited in the monograph where national or international guidelines for
performance or statistical analyses were not followed or descriptions of methods were insufficient to
evaluate their adequacy. Additionally, the committee took issue with a conclusion of the prior peer
reviewed systematic review of the experimental animal literature (NTP 2016) concerning the degree to
which motor activity deficits might compromise neurobehavioral assessments, affecting the directness
of applicability of deficits in animal learning and memory to support the plausibility of IQ deficits in
exposed children.
The NTP generally does not take issue with the NASEM peer review comments and acknowledges that
further efforts to disentangle the potential for motor activity deficits to influence tests of learning and
memory in the fluoride literature are warranted. The NTP agrees with the comments of the NASEM
committee concerning the overall poor quality of the experimental animal database, with many studies
suffering from major reporting deficiencies. NTP also found these to be general issues with the
experimental animal database and were identified as deficiencies that led to the inadequate conclusion.
However, the following experimental animal study section remains largely unchanged from the initial
version of the monograph reviewed by NASEM in November 2019. The reasons for this are: (1) because
a more critical risk-of-bias assessment would result in fewer relevant animal studies judged to be of high
quality; (2) because the highest quality experimental animal study reviewed for this monograph
(McPherson et al. 2018) did not find effects of fluoride on learning, memory or motor activity in the
critical <20 ppm in drinking water concentration range; and (3) because of the availability of a large
number of human epidemiology studies directly addressing neurobehavioral and cognitive effects of
fluoride in children, a decision was made to focus efforts to address comments on the critical human
epidemiology evaluation in this revised and updated monograph. NTP acknowledges the helpful
comments of the NASEM committee on the following section and refers readers to the NASEM review
(NASEM 2020) when considering the information provided. For the purpose of this updated review the
NTP considers that the experimental animal data remain inadequate to inform conclusions on whether
fluoride exposure is associated with cognitive effects (including cognitive neurodevelopmental effects)
in humans. NTP is aware of a number of additional relevant experimental animal studies published since
the literature cutoff date for the monograph. These additional studies have not been formally reviewed
and may shed further light on these issues].
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 extension of 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
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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, Sun et
al. 2018, Wang et al. 2018, Ge et al. 2018b, McPherson et al. 2018, Zhao et al. 2019, Ge et al. 2018a,
Chen et al. 2018, Bartos et al. 2018, Banala et al. 2018); 5 Morris water maze study in adults (Zheng et
al. 2016, Niu et al. 2018, Dong et al. 2017, Sharma et al. 2018, Yang et al. 2018); and 7 other maze
studies in adults (Pulungan et al. 2016, Shalini and Sharma 2015, Sharma et al. 2018, Sudhakar et al.
2017, Nageshwar et al. 2018, Yuan et al. 2019, Raju 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, Nageshwar et al. 2017, Nkpaa and Onyeso 2018, Sudhakar et al.
2018b, Ahmad et al. 2017, Kinawy and Al-Eidan 2018, Manusha et al. 2019, Sudhakar et al. 2018a,
Agustina et al. 2018, Lu et al. 2019, Jia et al. 2019, Li 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
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, particularly at
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human -relevant exposure levels. 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 lower 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,
it may be difficult to distinguish the potential effects of fluoride on learning and memory functions from
other neurological or general health outcomes.
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
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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. 2009, Baba et al. 2014, Adedara et al. 2017a, Khan et al. 2017, Gao et al. 2008a, Akinrinade et al.
2015a, Sun et al. 2000 [translated in Sun et al. 2008], Chouhan et al. 2010, Mesram et al. 2016, Liu et al.
2010, 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
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. (2000) [translated in 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 doserelated 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
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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 (Reddy et al. 2014, Chouhan et al. 2010, 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
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 (Adedara et al. 2017b, Akinrinade et al.
2015a, Bhatnagar et al. 2002, Bhatnagar et al. 2011, Chouhan et al. 2010, Guner et al. 2016, Jiang et al.
2014, Lou et al. 2013, McPherson et al. 2018, Mesram et al. 2016, Niu et al. 2018, Pulungan et al. 2016,
Nageshwar et al. 2018, Zhao et al. 2019, Jia 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
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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, McPherson et al. 2018, Pulungan et al. 2016). Two
of the lower risk-of-bias studies handled the brains before fixation was complete, which can produce
artifacts that can resemble dead neurons (Zhao et al. 2019, Nageshwar et al. 2018). 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, Niu et al. 2018, Nageshwar 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
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 (Adedara et al. 2017a, Adedara et al.
2017b, Akinrinade et al. 2015b, Chouhan et al. 2010, Gao et al. 2008b, Guner et al. 2016, Mesram et al.
2016, Nkpaa and Onyeso 2018, Shan et al. 2004, Zhang et al. 2015a, Chouhan and Flora 2008, Gao et al.
2009, Khan et al. 2017, Bartos et al. 2018, Nageshwar et al. 2018). All of the lower risk-of-bias studies
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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) (Adedara et al. 2017a, Adedara et al. 2017b,
Akinrinade et al. 2015b, Gao et al. 2008b, Gao et al. 2009, Guner et al. 2016, Mesram et al. 2016, Nkpaa
and Onyeso 2018, Shan et al. 2004, Zhang et al. 2015a, Khan et al. 2017, Nageshwar et al. 2018, Bartos
et al. 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 (Adedara et al. 2017a, Adedara et al.
2017b, Akinrinade et al. 2015b, Gao et al. 2008b, Gao et al. 2009, Guner et al. 2016, Mesram et al. 2016,
Nkpaa and Onyeso 2018, Khan et al. 2017, Bartos et al. 2018, Nageshwar et al. 2018). Decreases in
antioxidant activity using measures of superoxide dismutase (SOD) activity were reported in seven of
eight lower risk-of-bias studies (Adedara et al. 2017a, Adedara et al. 2017b, Akinrinade et al. 2015b,
Mesram et al. 2016, Nkpaa and Onyeso 2018, Khan et al. 2017, Nageshwar et al. 2018) and, among
these seven studies, all that also measured changes in catalase (CAT) activity (n = 6 studies) also
reported decreased activity (Adedara et al. 2017a, Adedara et al. 2017b, Mesram et al. 2016, Nkpaa and
Onyeso 2018, Khan et al. 2017, Nageshwar et al. 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]
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,
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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 are not further described
because this endpoint has been directly evaluated in a number of human studies that have failed to
identify consistent evidence 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
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;
however, 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 5 well-conducted
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prospective studies, supported by 14 cross-sectional studies where exposure was identified as likely
occurring prior to outcome. 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 effects primarily due to the
uncertainty in distinguishing effects on cognitive outcomes from secondary effects on the nervous
system or general health including motor activity issues; however, these data do provide evidence of
other neurodevelopmental effects. There is also evidence from mechanistic studies of adverse
neurological effects of fluoride in humans and animals of unknown relationship to cognition.
The initial moderate confidence is based on 19 studies where exposure occurred prior to outcome and
that evaluated individual-based outcomes and used a comparison group. Factors considered for
upgrading or downgrading the confidence are as follows:
•

Risk of bias: Only studies that were considered to have lower risk of bias were included in the
moderate confidence rating; therefore, there is no downgrade for risk-of-bias concerns.

•

Unexplained inconsistencies: The data are relatively consistent and there was no downgrade for
this factor. In terms of IQ data, 17 studies observed significant effects associated with fluoride,
and 2 studies found no significant association but neither of these studies adjusted for
confounders. Consistency among neurodevelopmental effects other than IQ was also
considered; however, the conclusions are based on the IQ data so these other
neurodevelopmental effects would not impact a potential adjustment in confidence. Studies
measuring neurodevelopmental effects other than IQ did not show consistent effects. It is not
known whether fluoride exposure would be expected to be associated with
neurodevelopmental outcomes in addition to IQ or other cognitive measures.

•

Indirectness: IQ in humans is a direct measure of effect and therefore no adjustment in
confidence is warranted.

•

Imprecision: The meta-analysis indicates that there was no reason to downgrade due to
imprecision.

•

Publication bias: While the meta-analysis that estimated the pooled SMD among 46 included
studies (both higher and lower risk-of-bias) indicated that there was potential for publication
bias, a subgroup analysis indicated that there was no publication bias among the lower risk-ofbias studies (see Figure A5-8). Among the higher risk-of-bias studies, the trim-and-fill analysis
estimated that, in the absence of publication bias, the negative direction of effect and statistical
significance remained (Figure A5-9). For the meta-analysis that calculated a pooled effect
estimate among the studies with individual-level measures, the funnel plot indicated publication
bias; however, the trim-and-fill analysis estimated that once adjusted for publication bias, the
negative direction of effect remained (Appendix 5, Figure A5-16 and Figure A5-18). Therefore,
no downgrade was applied for publication bias.

•

Large magnitude of effect: While some individual studies indicate a large magnitude of effect,
the overall pooled effect estimate from the meta-analysis of studies with individual-level
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measures does not demonstrate a large magnitude of effect (Appendix 5). Therefore, the
overall data would not support an upgrade due to a large magnitude of effect.
•

Dose-response: Linear dose-response models provide the best fit to the data in studies
examining individual-level measures of fluoride exposure and IQ. A meta-analysis of studies that
compared mean IQ scores between groups of children with different levels of fluoride exposure
showed a significantly lower mean SMD at higher concentrations of fluoride (>1.5 mg/L) from
water (SMD: −0.14; 95% CI: −0.19, −0.08; n = 31 studies) and urine (SMD: −0.18; 95% CI: −0.31,
−0.05; n = 22 studies) (Appendix 5); however, the dose-response relationship at fluoride
concentrations below 1.5 mg/L fluoride in urine or drinking water is less certain. The overall
dose-response could be used to upgrade the confidence in the body of evidence.

•

Residual confounding: Xiang et al. (2003a), Xiang et al. (2011), and Wang et al. (2012) studied
the same population where arsenic occurred in the area with low fluoride, but did not occur in
the area with high fluoride. This would have biased the results toward the null, but there was a
significantly lower IQ scores in the area with high fluoride. The remaining studies do not provide
enough information to consider residual confounding as an impactful factor for the body of
evidence. Therefore, the overall data would not support an upgrade due to residual
confounding.

•

Consistency: There is consistent evidence across study populations and study designs that
fluoride is associated with lower IQ scores at higher concentrations of fluoride. There is
uncertainty and less of a consistent pattern at concentrations below 1.5 mg/L. There is also a
lack of consistency observed with and among other types of neurodevelopmental effects. The
consistency in the overall results of the data set could increase the confidence.

Summary judgement on potential upgrades or downgrades in the confidence: Although the OHAT
approach for evidence integration allows for the initial confidence in the body of evidence to be
increased based on consistency or dose response, the NTP judgement is that the magnitude of effect
and the overall strength and quality of the human literature base provides a moderate confidence in the
body of evidence that fluoride causes cognitive neurodevelopmental effects in children.
The moderate confidence in the body of evidence in children translates to a moderate level of evidence
that fluoride is associated with lower 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 and consistency 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.
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 (17 of 19 lower risk-of-bias studies that assessed IQ reported an association between
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higher fluoride and lower IQ scores) across multiple populations. A conclusion of presumed is supported
by a statistically significant effect observed in the meta-analysis. 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: Overall poor quality of studies and few studies that 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: Overall poor quality of studies and few studies that 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

68

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.
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
(5 prospective cohort
------studiesa; 14 cross-sectional
b
studies )
Initial Low
------(7 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;
Cui et al. (2020)c; Das and Mondal (2016); Ding et al. (2011)b; Green et al. (2019)a; Jacqmin et al. (1994)d; Li et al.
(2004) [translated in Li et al. 2008a] b; Li et al. (2016)d; Riddell et al. (2019)c; Rocha-Amador et al. (2007)b; RochaAmador et al. (2009)b; Saxena et al. (2012)b; Seraj et al. (2012)b; Soto-Barreras et al. (2019)b; Sudhir et al. (2009)b;
Till et al. (2020)a; Trivedi et al. (2012)c; Valdez Jimenez et al. (2017)a; Wang et al. (2012)b; Wang et al. (2020b)b;
Wang et al. (2020a)c; Xiang et al. (2003a)b; Xiang et al. (2011)b; 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
The overall objective of this evaluation was to undertake a systematic review of published literature to
reach conclusions concerning the potential for exposure to fluoride to affect neurodevelopment and
cognition. This review only addresses whether exposure to fluoride could present a potential hazard
(i.e., has the potential to cause harm at any exposure level, including exposures that are higher than
typically encountered from consuming fluoridated drinking water in the United States). Benefits of
fluoride with respect to oral health are not addressed in this monograph.
Given this context, when focusing on human epidemiology studies with exposures in ranges typically
found in the water distribution systems in the United States (0.7 mg/L for optimally fluoridated
community water systems) 8 that can be evaluated for dose response, effects on cognitive
neurodevelopment are inconsistent and therefore unclear. However, given the totality of the data,
including studies with exposures to fluoride levels higher than the WHO safe water guideline of 1.5 mg/L
in water (WHO 2011), 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
shows a consistent and robust pattern of findings in human studies across several different populations
demonstrating that higher fluoride exposure (e.g., >1.5 mg/L in drinking water) is associated with lower
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; therefore, the conclusion
was based on these data. After further evaluation of the experimental animal data available in NTP
(2016) and in this systematic review, NTP concludes that in terms of evaluating the effects of fluoride on
learning and memory to support the cognitive effects observed in humans, the animal data are
inadequate. 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, a coherent series of mechanistic
events to account for fluoride-associated cognitive neurodevelopmental deficits is not sufficiently
understood for these findings to contribute to the overall confidence assessment.
The human body of evidence provides a consistent and robust pattern of findings that higher fluoride
exposure is associated with lower IQ scores in children. The moderate level of evidence is based on 5
lower risk-of-bias prospective cohort studies and 14 lower risk-of-bias cross-sectional studies that are
considered to have sufficient evidence of fluoride exposure occurring prior to the outcome. The
evaluation of the animal body of evidence in this assessment is an extension of the NTP (2016)
systematic review on the association between fluoride exposure and neurobehavioral effects related to
learning and memory in animals, which identified a concern related to indirectness. This concern was
that many of the learning and memory tests rely on a motor response (e.g., latency to achieve the
desired effect). The review of animal data published since the 2016 review focused on addressing this

As of April 2020, 1.08% of persons living in the United States (~ 3.5 million people) were served by CWS containing
≥ 1.1 mg/L naturally occurring fluoride. CWS supplying water with ≥ 1.5 mg/L naturally occurring fluoride served
0.59% of the U.S. population (~ 1.9 million people), and systems supplying water with ≥ 2 mg/L naturally occurring
fluoride served 0.31% of the U.S. population (~1 million people) (https://www.cdc.gov/fluoridation/datatools/reporting-system.html).
8
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indirectness concern. Further examination of the literature has not provided clarification of this issue.
Due to the inability to separate these effects from effects on general health and other effects on the
nervous system, 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 robustness of the effect in the available data in children.
Seventeen of the 19 lower risk-of-bias studies reported an association between higher fluoride exposure
and lower IQ scores in children across multiple populations. Meta-analyses conducted at the
recommendation of NASEM based on their review of the September 6, 2019 draft monograph provide
further support for the hazard conclusion of presumed (NASEM 2020). The random-effects pooled SMD
estimate from the 46 studies included in the group-level meta-analysis was consistent with two previous
meta-analyses reporting statistically significant associations between higher fluoride exposure and lower
IQ in children. A risk-of-bias subgroup analysis demonstrated that the significant negative association
remained when the meta-analysis was restricted to 9 lower risk-of-bias studies. Further subgroup
analyses by gender, age group, country, outcome assessment type, and exposure assessment type
support a consistent and robust pattern of results. A second meta-analysis of the individual-level data
from six lower risk-of-bias studies also provided evidence of a statistically significant negative
association between fluoride exposure and lower IQ in children (overall pooled effect estimate per
1-mg/L increase in urinary fluoride was associated with a 1.40-point lower IQ score [95% CI: −2.33,
−0.47]). Given the evidence, 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 of children and several studies of animals (measured in both the
blood and in areas of the brain); however, the majority of these studies, including the study of 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.
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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 April 2020, the CDC Water Fluoridation Reporting System
estimated that the majority (i.e., 97.5%) of fluoride concentrations in water for U.S. children and
adolescents (≤19 years old) are below 1.2 mg/L (https://www.cdc.gov/fluoridation/data-tools/reportingsystem.html).
NTP’s conclusion that fluoride is presumed to be a cognitive neurodevelopmental hazard to humans is
based on consistent evidence from 26 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 33 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 33 studies, only 10 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
States) (Xu et al. 1994, Xiang et al. 2003a, Qin et al. 1990 [translated in Qin et al. 2008], Kang et al. 2011,
Broadbent et al. 2015, Sebastian and Sunitha 2015, Sudhir et al. 2009, Zhang et al. 2015b, Zhang et al.
1998, Wang et al. 2020b). Of these 10 studies, 4 were considered to have lower risk of bias (Zhang et al.
2015b, Xiang et al. 2003a, Wang et al. 2020b, Sudhir et al. 2009).
In addition to the four 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 (discussed further below),
there is uncertainty if IQ changes in children occur at lower fluoride levels.
Among studies with lower risk of bias for which a dose response could be assessed, four of nine studies
that examined fluoride exposure levels below 1.5 mg/L (Table 8) (Green et al. 2019, Zhang et al. 2015b,
Xiang et al. 2003a, Wang et al. 2020b) applied regression models to individual exposure outcome
measures and observed a linear association between urinary fluoride levels and lower IQ in children
even at the lower fluoride concentrations. However, two of these studies (Xiang et al. 2003a, Zhang et
al. 2015b) did not find an association between IQ and drinking water levels below 1.5 mg/L. Xiang et al.
(2003a) observed a significantly lower IQ in endemic versus nonendemic villages, but when they
grouped children from the endemic villages by exposure level, they did not observe a significantly lower
IQ score for children exposed to lower mean exposure levels of fluoride (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
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and did not observe a significant relationship between fluoride levels in the drinking water (with
concentrations up to 1.57 mg/L) and IQ. Sudhir et al. (2009) observed a significant increase in IQ grade
(which is associated with lower IQ) at concentrations of 0.7–1.2 mg/L. The other four of nine 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 lower 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 there is 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 (Aravind et al. 2016, Qin et al. 1990 [translated in Qin
et al. 2008], Xu et al. 1994) 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. (1990) [translated 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 lower IQ scores at concentrations above
2 mg/L. Das and Mondal (2016) found a steady decline in IQ with increasing urinary fluoride levels or
exposure dose.
To further examine the dose response for lower IQ in the lower exposure region (e.g., <1.5 mg/L fluoride
in drinking water or urine), a meta-analysis (Appendix 5) using a linear mixed model to analyze meaneffect estimates was performed. Twelve observations from 9 studies were included that reported one or
more IQ measurements associated with drinking water fluoride exposures of < 1.5 mg/L and a reference
group. This analysis did not show a statistically significant association with the mean SMD in children’s
IQ scores between exposed and reference groups (SMD = 0.32; 95% CI: −0.57, 1.20). A dose-response
meta-analysis including seven observations from four studies with at least one exposure group < 1.5
mg/L urinary fluoride showed a non-statistically significant decrease in mean SMD (SMD = −0.13; 95% CI:
−0.29, 0.03). Based on these results, effects of fluoride exposure on children’s IQ at levels < 1.5 mg/L
remain unclear and more studies at lower exposure levels are needed. A dose-response meta-analysis of
studies with individual-level data could not be conducted due to the small number of studies (n = 10),
the various types of exposure metrics, and the different types of reported effect estimates. More studies
with lower levels of fluoride exposure from drinking water are still needed to fully understand potential
effects at exposures in ranges typically found in the United States (i.e., <1.5 mg/L). Of note, the negative
association between IQ and fluoride exposure via drinking water was statistically significant when
extending the dose-response meta-analysis to include IQ measures from groups exposed to <2 mg/L in
drinking water (SMD = −0.27; 95% CI: −0.36, −0.17). A statistically significant decrease in mean SMD in
children’s IQ scores was not seen in urinary fluoride measures of < 2 mg/L (SMD = −0.09; 95% CI: −0.22,
0.03) (Table A5-3).
When generalizing findings from the cited studies to exposures in the United States from fluoride in
drinking water, it is important to consider that drinking water only comprises a portion of total
exposures to fluoride. Although it can be assumed that children in all the studies cited in this document
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are also exposed to fluoride from sources other than drinking water, these other exposures are likely to
vary considerably depending on individual circumstances. Fluoride concentrations in drinking water
alone do not reflect the magnitude of fluoride exposures to children who consume excessive amounts of
fluoridated toothpaste or to formula-fed babies who consume powdered formula that is reconstituted
with fluoridated water. A few studies also support the possibility of heightened sensitivities to the
detrimental cognitive effects of fluoride exposures in individuals with certain polymorphisms in
dopamine receptor D2, or catechol-O-methyltransferase (Cui et al. 2018, Zhang et al. 2015b), impacting
dopamine catabolism and receptor sensitivity. Differential exposures to fluoride and genetic
susceptibilities of children to fluoride appear to warrant further research.
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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.

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
Sudhir et al. (2009)

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

Notes
The number of intellectually impaired children
gradually increased with increasing fluoride
concentration in 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, these are considered grouplevel data.
Note that all groups had a large proportion in the
“intellectually impaired” category.

Wang et al. (2020b)

Drinking water (mg/L)*

There was a significantly lower IQ in quartile 3
(1.00–1.90 mg/L) and quartile 4 (>1.90 mg/L),
but not quartile 2 (0.70–1.00 mg/L) of drinking
water. Urinary fluoride was only associated with
a significantly lower IQ in quartile 4 (>2.28 mg/L).

1.39 ± 1.01 (0.20–3.90)
Children’s urine (mg/L)
1.28 ± 1.30 (0.01–5.54)
Xiang et al. (2003a)

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

IQ in group A in the endemic village was not
significantly lower than the non-endemic village,
but IQ in all other groups was significantly lower.
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
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Table 8. Human Studies with Lower Fluoride Exposure and Effects on IQ
Study
Zhang et al. (2015b)

Exposure measures [mean ± SD (range)]
Drinking water (mg/L)*
0.63 (0.58–0.68) control
1.40 (1.23–1.57) endemic fluorosis

Notes
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
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
Li et al. (1995)

Children’s urine (mg/L)

A significantly lower IQ score 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.

Qin et al. (1990) [translated in Qin Drinking water (mg/L)*
et al. 2008]
0.1–0.2 low fluoride area
0.5–1.0 normal fluoride area
2.1–4.0 high fluoride area

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

Sebastian and Sunitha (2015)

A significantly lower 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.

Drinking water (mg/L)*
0.40 (low fluoride village)
1.2 (normal fluoride village)
2.0 (high fluoride village)

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.
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Range data were obtained from Till et al. (2018).

1

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:
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.
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•

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.

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
Because the majority of available studies evaluated cognitive neurodevelopmental effects in children,
the focus of the hazard conclusions is on cognitive neurodevelopmental effects, primarily IQ. When
focusing on findings from studies with exposures in ranges typically found in drinking water in the
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United States (0.7 mg/L for optimally fluoridated community water systems) 9 that can be evaluated for
dose response, effects on cognitive neurodevelopment are inconsistent and, therefore, unclear.
However, when considering all the evidence, including studies with exposures to fluoride levels higher
than 1.5 mg/L in water, 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 shows a consistent and
robust pattern of findings in human studies across several different populations demonstrating that
higher fluoride exposure (e.g., >1.5 mg/L in drinking water) is associated with lower 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 evidence from animal studies
is inadequate to inform conclusions on cognitive effects, and the mechanisms underlying fluorideassociated cognitive neurodevelopmental effects are not well characterized.

As of April 2020, 1.08% of persons living in the United States (~ 3.5 million people) were served by CWS supplying
≥ 1.1 mg/L naturally occurring fluoride. CWS supplying water at ≥ 1.5 mg/L naturally occurring fluoride served
0.59% of the U.S. population(~ 1.9 million people), and systems supplying water at ≥ 2 mg/L naturally occurring
fluoride served 0.31% of the U.S. population (~1 million people) (https://www.cdc.gov/fluoridation/datatools/reporting-system.html).
9
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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. Three additional publications based on
subsample of the larger Yu et al. (2018) cohort were identified (Zhao et al. 2019, Zhou et al. 2019, Zhao et al. 2020); however,
results from these studies are not presented here. The main study by Yu et al. (2018) is considered a better representation of
the IQ results. 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).
Results for Soto-Barreras 2019 are not presented here. Outcomes in the study were presented as levels of fluoride exposure
associated with each intelligence grade. Results reported were not significant.

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.

96

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 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. Zhao et al. (2020) and Zhou et al. (2019) also had correlations,
but these were based on a subsample of the Yu et al. (2018) study (which presented betas and provided a better representation
of the IQ data).
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Figure D7. Correlations between IQ Score and Fluoride Exposure in Children (lower risk-of-bias studies;
presented as adjusted beta)—(a) China; (b) all other areas
(a)
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(b)

Interactive figure and additional study details in HAWC here for part (a) and here for part (b). "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 2.84-point 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
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Database

Search Terms
disability[tiab] OR intelligence[tiab] OR language[tiab] OR learning[tiab] OR lewy bod*[tiab] OR
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, 159 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 = 116) 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.
Data for included studies identified through the 2020 literature search update were only extracted for
primary neurodevelopmental or cognitive outcomes; a subset of these studies (n = 5) also included
secondary neurobehavioral outcomes and/or thyroid hormone level data that were not extracted
because those data would not materially advance the human or mechanistic findings. 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. The list below presents the 159 human studies that were
included in the review. An overview of the screening results is outlined in the study selection diagram
(Figure 4) that reports numbers of included studies as well as numbers of studies excluded for each
reason at the full text review stage.
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.
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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. 1991. [Research
on the intellectual development of children in high fluoride areas]. Chin J Control Endem Dis
6(Suppl): 99-100.
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.
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.
Dopamine receptor D2 gene polymorphism, urine fluoride, and intelligence impairment of
children in China: A school-based cross-sectional study. Ecotoxicol Environ Saf 165: 270-277.
Cui Y, Yu J, Zhang B, Guo B, Gao T, Liu H. 2020. The relationships between thyroid-stimulating hormone
and/or dopamine levels in peripheral blood and IQ in children with different urinary iodine
concentrations. Neurosci Lett 729: 134981.
Das K, Mondal NK. 2016. Dental fluorosis and urinary fluoride concentration as a reflection of fluoride
exposure and its impact on IQ level and BMI of children of Laxmisagar, Simlapal Block of Bankura
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
fluoride on children's intelligence, dental fluorosis in endemic fluorosis areas in Hulunbuir, Inner
Mongolia, China. J Hazard Mater 186: 1942-1946.
Du L, Wan C, Cao X, Liu J. 1992. [The effect of fluorine on the developing human brain]. Chin J Pathol
21(4): 218-220.
Du L, Wan C, Cao X, Liu J. 2008. The effect of fluorine on the developing human brain. Fluoride 41: 327330.
Duan J, Zhao M, Wang L, Fang D, Wang Y, Wang W. 1995. A comparative analysis of the results of
multiple tests in patients with chronic industrial fluorosis. Guizhou Med J 18(3): 179-180.
Erickson JD, Hay S. 1976. Water fluoridation and congenital malformations: No association. J Am
Dent Assoc 93: 981-984.
Erickson JD, Hay S. 1976. Water fluoridation and congenital malformations: No association. J Am Dent
Assoc 93: 981-984.
Erickson JD. 1980. Down syndrome, water fluoridation, and maternal age. Teratology 21: 177-180.
Eswar P, Nagesh L, Devaraj CG. 2011. Intelligent quotients of 12-14 year old school children in a high and
low fluoride village in India. Fluoride 44: 168-172.
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.
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Green R, Lanphear B, Hornung R, Flora D, Martinez-Mier EA, Neufeld R, Ayotte P, Muckle G, Till C. 2019.
Association between maternal fluoride exposure during pregnancy and IQ scores in offspring in
Canada. JAMA Pediatr: E1-E9.
Guo XC, Wang RY, Cheng CF, Wei WS, Tang LM, Wang QS, Tang DX, Liu GW, He GD, Li SL. 1991. [A
preliminary investigation of the IQs of 7-13 year-old children from an area with coal burningrelated fluoride poisoning]. Chin J Epidemiol 10(2): 98-100.
Guo XC, Wang RY, Cheng CF, Wei WS, Tang LM, Wang QS, Tang DX, Liu GW, He GD, Li SL. 2008. A
preliminary investigation of the IQs of 7-13 year-old children from an area with coal burningrelated fluoride poisoning. Fluoride 41: 125-128.
Guo ZY, He YH, Zhu QX. 2001. [Research on the neurobehavioral function of workers occupationally
exposed to fluoride]. Ind Hlth & Occup Dis 27(6): 346-348.
Guo ZY, He YH, Zhu QX. 2008. Research on the neurobehavioral function of workers occupationally
exposed to fluoride. Fluoride 41: 152-155.
He H, Cheng ZS, Liu WQ. 1989. [Effects of fluorine on the human fetus]. J Control Endem Dis 4(3): 136138.
He H, Cheng ZS, Liu WQ. 2008. Effects of fluorine on the human fetus. Fluoride 41: 321-326.
He MX, Zhang CN. 2010. [Investigation of children's intelligence quotient and dental fluorosis in drinking
water-type of endemic fluorosis area in Pucheng County, Shaanxi Province before and after
drinking water change]. Chin J Endemiol 29: 547-548.
Hong FG, Cao YX, Yang D, Wang H. 2001. [Research on the effects of fluoride on child intellectual
development under different environmental conditions]. Chin Prim Health Care 15(3): 56-57.
Hong FG, Cao YX, Yang D, Wang H. 2008. Research on the effects of fluoride on child intellectual
development under different environmental conditions. Fluoride 41: 156-160.
Hosur MB, Puranik RS, Vanaki S, Puranik SR. 2012. Study of thyroid hormones free triiodothyronine
(FT3), free thyroxine (FT4) and thyroid stimulating hormone (TSH) in subjects with dental
fluorosis. Eur J Dent 6: 184-190.
Jacqmin H, Commenges D, Letenneur L, Barberger-Gateau P, Dartigues JF. 1994. Components of drinking
water and risk of cognitive impairment in the elderly. Am J Epidemiol 139: 48-57.
Kang J, Cheng Y, Wu K, Lin S, He G, Jin Y. 2011. Effect of exposure to fluoride and arsenic in drinking
water of Hangjinhouqi on children's intelligence. Chinese School Health: 679-681.
Karimzade S, Aghaei M, Mahvi AH. 2014. Investigation of intelligence quotient in 9-12 year-old children
exposed to high- and low-drinking water fluoride in West Azerbaijan Province, Iran. Fluoride 47:
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.

111

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.
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
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Kundu H, Basavaraj P, Singla A, Gupta R, Singh K, Jain S. 2015. Effect of fluoride in drinking water on
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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 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 J, Yao L, Shao QL, Wu CY. 2004. [Effects of high fluoride level on neonatal neurobehavioral
development]. Chin J Endemiol 23(5): 463-465.
Li J, Yao L, Shao QL, Wu CY. 2008. Effects of high fluoride level on neonatal neurobehavioral
development. Fluoride 41: 165-170.
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.
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.
Li XS, Zhi JL, Gao RO. 1995. Effect of fluoride exposure on the intelligence of children. Fluoride 28: 189192.
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investigation into the mechanisms involved]. J West Chin University Med Sci 25(2): 188-191.
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investigation into the mechanisms involved. Fluoride 41: 331-335.
Li YP, Jing XY, Chen D, Lin L, Wang ZJ. 2003. [Effects of endemic fluoride poisoning on the intellectual
development of children in Baotou]. Chin J Public Health Manag 19(4): 337-338.
Li YP, Jing XY, Chen D, Lin L, Wang ZJ. 2008. Effects of endemic fluoride poisoning on the intellectual
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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). The list below presents
the 339 non-human animal studies that were included in the review. An overview of the screening
results is outlined in the study selection diagram (Figure 4) that reports numbers of included studies as
well as numbers of studies excluded for each reason at the full text review stage.
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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
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Interactive figure and additional study details in HAWC here.

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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Appendix 4. Details for Lower Risk-of-bias Studies
Barberio et al. (2017b)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Canadian Health Measures Survey (cycles 2 and 3) participants (children aged 3−12
years)
Study area: general population of Canada
Sample size: 2,221 children (1,120 from Cycle 2, 1,101 from Cycle 3)
Data relevant to the review: Associations between learning disability or ADHD (Cycle 2 only)
assessed by parent or child self-report and urinary fluoride.
Reported association with fluoride exposure: Yes: Significant increase in adjusted OR for
learning disability with unadjusted urinary fluoride (1.02; 95% CI: 1.00, 1.03) when Cycle 2 and 3
were combined. No significant associations with urinary fluoride when adjusted for creatinine
and/or specific gravity. No significant association between urinary fluoride and ADHD.

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: The comparison groups were selected from Cycles 2 and 3 of the Canadian
Health Measures Survey. This is a nationally representative sample of residents living in
10 provinces, with clear exclusion criteria provided. Exclusion only represented about
4% of the target population (all Canadian residents 3−79 years old living in 10
provinces). A table of characteristics of the study population is provided.
o Basis for rating: Definitely low risk of bias based on direct evidence that the subjects
were recruited from the same population using the same methods during the same time
frame and exposure groups were similar.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: The study adjusted for sex, age (3–12 years old), household education, and
household income adequacy. Variables to discern fluoride source, including drinking
water and dental products, were also considered. Cycle 2 data also included
adjustments for: 1) children for whom tap water (vs. bottled or other) was the primary
source of drinking water at home or away from home and 2) children who had lived in
his or her current home for 3 or more years. Confounders such as parental behavioral
and mental health disorders, smoking, and nutrition were not discussed. Co-exposure to
lead and arsenic are less likely an issue in this population and the lack of information is
not considered to appreciably bias the results.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
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Basis for rating: Probably low risk of bias based on direct evidence that key confounders
were addressed and indirect evidence that the methods used to collect the information
were valid and reliable and that co-exposures were not an issue.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Covariate data were missing for less than 5% of all analyses, apart from
household income; household income was reported for only 71–77% of participants and
was imputed for the remainder.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Estimates of urinary fluoride (µmol/L) from spot urine were available for a
subsample of respondents. Analysis was performed under standardized operating
procedures at the Human Toxicology Laboratory of the Institut National de Santé
Publique du Québec (accredited under ISO 17025). Fluoride content of urine samples
was analyzed using an Orion pH meter with a fluoride ion-selective electrode with limits
of detection of 20 μg/L (Cycle 2) and 10 μg/L (Cycle 3). Urinary dilution was addressed
by using creatinine-adjusted levels as well as specific gravity-adjusted levels. In Cycle 3
only, estimates of the fluoride concentration of tap water samples collected from
randomly selected households were available. The subsample of households selected
for tap water sample collection corresponded to the person-level urine fluoride
subsample. Analysis of the fluoride concentration of tap water was performed using a
basic anion exchange chromatography procedure, with a limit of detection of 0.006
mg/L. QC methods were not addressed.
 Direction/magnitude of effect: There is not any specific direction or magnitude
of bias expected. Urinary fluoride levels are reflective of a recent exposure.
Having a single concurrent measurement may not be reflective of the exposure
associated with the outcome, but if subjects lived in the same area throughout
life the exposure may be an adequate representation. Although there is possible
exposure misclassification it would be non-differential.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably high risk of bias (-)
o Summary: The primary outcome variable, diagnosis of a learning disability by a health
professional, was based on a single item from a household survey asked to all
respondents: "Do you have a learning disability?". Answer options were: "yes", "no",
"don't know", or the participant refused to answer. For Cycle 2, those who indicated
having a learning disability were also asked what kind, with the answer options of:
"ADD", "ADHD", "dyslexia", or "other". This question was omitted in Cycle 3 and the
reason for omission is not described. Parents or guardians answered all questions for
children aged 3–11 years, while children 12 years and older answered questions
o

•

•

•
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themselves. The self-reporting of a learning disability did not appear to have been
confirmed by medical records or a health professional. (- for methods based on selfreport of diagnosis by a health care professional also in Cycle 3 no specific disabilities
were described). Blinding was not a concern as spot urine samples were sent to a
separate lab and self-reports would not have knowledge of their urine or tap water
exposure level (+ for blinding). Overall rating = -.
o Basis for rating: Probably high risk of bias based on indirect evidence that the outcome
was measured using an insensitive method in the study population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods sections
were reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses were appropriate for the study.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding and exposure. Study strengths include individual exposure measurements and the
addressing of potential key confounders but was limited by the cross-sectional study design and
insensitive outcome measures.

Bashash et al. (2017)
Study Details:
•
•
•
•
•
•

Study design: Prospective cohort
Population: Early Life Exposures in Mexico to Environmental Toxicants (ELEMENT) participants
(pregnant mothers and their children aged 4 or 6–12 years).
Study area: Mexico City, Mexico
Sample size: 299 mother–child pairs, of whom 287 and 211 had data for the general cognitive
index (GCI) and IQ analyses, respectively.
Data relevant to the review: Adjusted and unadjusted associations between GCI or IQ scores
and maternal or child’s urinary fluoride concentrations.
Reported association with fluoride exposure: Yes: Significant effect between maternal urinary
fluoride and 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). No significant effects associated with children’s urine.

Risk of Bias:
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Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Study participants were selected from two different cohorts from three
hospitals in Mexico City that serve low-to-moderate income populations. One cohort
was from an observational study of prenatal lead exposure and neurodevelopment
outcomes and the other was from a randomized trial of the effect of calcium on
maternal blood lead levels. The authors state that participants had no history of
psychiatric disorders, high-risk pregnancies, gestational diabetes, illegal drug use, or
continuous prescription drugs, but they do not include any information on smoking
habits. Study populations appear to be similar, but there may be some differences
because subjects were selected from two different cohorts that were recruited from
slightly different time periods.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar despite the subjects coming from different original study
populations where different methods were used for recruitment.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Data were collected via questionnaire on maternal age, education, marital
status at first prenatal visit, birth order, birth weight, gestational age at delivery,
maternal smoking, maternal IQ, and HOME scores. All models were adjusted for
gestational age at birth, child’s sex, birth weight, birth order, child's age at testing,
maternal marital status, smoking history, age at delivery, maternal IQ, education, and
cohort, with additional testing for children’s urinary fluoride, mercury, lead, and
calcium. Sensitivity analyses additionally adjusted for HOME score. Confounders not
considered included BMI, iodine deficiency, arsenic, and maternal mental health and
nutrition. Arsenic is assumed not to be a potential co-exposure in this population as the
study authors did not discuss it as an issue but did discuss other co-exposures. Arsenic
may have been included in the water quality control program in Mexico City.
o Potentially important study-specific confounders: All key confounders were addressed.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on direct evidence that key confounders
including other potential co-exposures were addressed and indirect evidence that the
methods used to collect the information were valid and reliable and that arsenic is not
likely to be an issue in this study population.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Although there was a large amount of attrition, the study authors clearly
describe all reasons for attrition and also provide characteristics to compare those
participants included to those excluded. There were some slight differences between
those included and those excluded, but there is nothing to indicate that the attrition
would potentially bias the results.
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Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Definitely low risk of bias (++)
o Summary: Urinary fluoride concentrations were determined in spot urine samples (2nd
morning void) collected from mothers (during at least one trimester) and children ages
6–12 years. Fluoride content was measured using ion-selective electrode-based assays.
QC methods were described including between laboratory correlations. All samples
were measured in duplicate. Extreme outliers were excluded. Urinary dilution was
addressed by using creatinine-adjusted levels.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Definitely low risk of bias based on direct evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: Outcome was assessed using the McCarthy Scales of Children's Abilities
(MSCA) in 4-year-old children (translated into Spanish) and the Wechsler Abbreviated
Scale of Intelligence (WASI) in 6–12-year-olds. The WASI is a well-established test and
the validity of both tests is well documented by the authors. Inter-examiner reliability
was evaluated and reported with a correlation of 0.99 (++ for methods). The study
report stated that psychologists were blind to the children's fluoride exposure (++ for
blinding). Overall rating for methods and blinding = ++.
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses used were appropriate for the study.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements, outcome blindly assessed, and the prospective cohort study design.
o

•

•
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Bashash et al. (2018)
Study Details:
•
•
•
•
•
•

Study design: Prospective cohort
Population: ELEMENT participants (pregnant mothers and their children aged 6–12 years)
Study area: Mexico City, Mexico
Sample size: 210 mother–child pairs
Data relevant to the review: Associations between ADHD and other attention/impulsivity scores
and maternal urinary fluoride concentrations.
Reported association with fluoride exposure: Yes: Significant associations between maternal
urinary fluoride and Conners’ Rating Scales-Revised (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).

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Participants were a subset of mother-child dyads enrolled in various
longitudinal birth cohort studies of the Early Life Exposure in Mexico to Environmental
Toxicants (ELEMENT) project. Subjects were included from two of the four cohorts for
which maternal urinary samples were available. Participants in cohort 2A were recruited
between 1997 and 1999, and participants in cohort 3 were recruited from 2001 to 2003.
Inclusion and exclusion criteria were applied consistently across the two cohorts. A table
of subject characteristics was provided in the study and any differences were considered
in the analysis. Study populations appear to be similar, but there may be some
differences because subjects were selected from two different cohorts: one from an
observational study on prenatal lead exposure and the other from a randomized trial on
the effects of calcium on blood lead levels. In addition, they were recruited from slightly
different time periods.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposed
groups were similar, and any differences were taken into account in the analysis.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Questionnaires were used to collect information on maternal age, maternal
education, history of smoking, and marital status during the first pregnancy visit. Child
information at birth included birth weight, sex, birth order, and gestational age as
calculated by the nurse. Mothers also responded to an SES questionnaire during the visit
when the psychometric tests were administered. The Home Observation for
Measurement of the Environment (HOME) score was evaluated in a subset of
participants. Covariates were selected a priori. Models adjusted for maternal age at
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delivery, years of education, marital status, smoking history, gestational age at birth, age
at outcome assessment, child's sex, birth order, SES, cohort, and calcium intervention.
o Potentially important study-specific confounders: None identified, although this study
did not specifically address arsenic or other co-exposures. Bashash et al. (2017)
addressed potential co-exposure to lead and mercury but did not address arsenic.
Arsenic was potentially addressed as part of the water quality program in Mexico City.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on direct evidence that key confounders
were addressed and indirect evidence that the methods used to collect the information
were valid and reliable and that arsenic and other potential co-exposures are not likely
to be an issue in this study population.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Although there was a large amount of attrition from the original cohorts, it
was unlikely related to outcome or exposure and there were very little missing data
from those included in the study. Of the 231 mothers with a minimum of one maternal
urine fluoride measurement and matching outcome identified for the project, only 17
were excluded based on incomplete demographic and outcome information.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Definitely low risk of bias (++)
o Summary: Mothers provided at least one spot urine sample during pregnancy. As
described in Bashash et al. (2017), urinary concentrations were determined on second
morning void. Fluoride content was measured using ion-selective electrode-based assay.
Bashash et al. (2017) describes QC methods. All samples were measured in duplicate
and extreme outliers were excluded. Urinary dilution was addressed by using creatinineadjusted levels.
 Direction/magnitude of effect: N/A
o Basis for rating: Definitely low risk of bias based on direct evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: Behaviors associated with ADHD were assessed using the Spanish version of
the Conners' Rating Scales-Revised, which has been validated for the evaluation of
ADHD. Mothers completed the CRS-R at the same follow-up visit that the child
completed the CPT-II tests. All tests were applied under the supervision of an
experienced psychologist (++ for methods); however, a limitation of the study noted by
the authors was only using parent reports and not teacher reports as they can vary from
one another. Blinding was not reported, but it is unlikely that the mothers were aware
of their urinary fluoride levels. Although mothers may have had knowledge that they
were receiving fluoride through fluoridated salt or naturally occurring fluoride in their
water, they would not have knowledge that this was relevant to the study purpose as
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the ADHD tests were conducted for the original cohort (as was acknowledged by the
study authors in the discussion). (++ for blinding). Overall rating = ++.
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods were
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses used were appropriate for the study.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements, outcome blindly assessed, and the prospective cohort study design.

Choi et al. (2015)
Study Details:
•
•
•
•
•

•

Study design: Cross-sectional
Population: First grade children (ages 6–8 years)
Study area: Mianning County in southern Sichuan, China
Sample size: 51 first grade children
Data relevant to the review: Associations between learning, memory, IQ (digit span for auditory
span and working memory and block design for visual organization and reasoning components
of WISC-IV only), visual motor ability, motor ability, and manual dexterity with continuous urine
or drinking water fluoride levels. Study also had information based on dental fluorosis score.
Reported association with fluoride exposure: Yes: Compared to the normal/questionable dental
fluorosis, the moderate/severe dental fluorosis group was associated with significantly 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.

Risk of Bias:
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Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: Subjects were selected during the same time frame using the same methods.
Fifty-one first-grade children residing in Mianning County in southern Sichuan, China
were included in this pilot study. It is not specified if the 51 children represented all the
first-grade children from this area or if some refused to participate. Children who did
not speak Chinese, were not students at the Primary School of Sunshui Village in
Mianning County, or those with chronic or acute disease that might affect
neurobehavioral function tests were excluded. Demographic characteristics are
presented in Table 1 of the study, which indicates that subjects were similar. Potential
confounders are adjusted for in the statistical analyses.
o Basis for Rating: Definitely low risk of bias based on direct evidence that the exposure
groups were similar and were recruited within the same time frame using the same
methods with no evidence of differences in participation/response rates.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: The parents or guardians completed a questionnaire on demographic and
personal characteristics of the children (sex, age at testing, parity, illnesses before age 3,
and past medical history) and caretakers (age, parity, education and occupational
histories, residential history, and household income). A 20-μL capillary blood sample
was collected at the school by a Mianning County Center for Disease Control (CDC)
health practitioner and tested for possible iron deficiency which could be used as a
covariate of neurodevelopmental performance. Confounders that were not assessed
include: maternal BMI, parental mental health, maternal smoking status, maternal
reproductive factors, parental IQ, and HOME score. However, the study authors noted
that confounding bias appeared to be limited due to the minimal diversity in the social
characteristics of the subjects. The study authors indicated that CDC records
documented that levels of other contaminants including arsenic and lead were very low
in the area. Iodine differences were not specifically addressed, but there is no indication
from the information provided that this might be a concern.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias because there is direct evidence that the key
confounders are taken into account and indirect evidence that co-exposure to arsenic is
likely not an issue in this area and that methods used for collecting the information
were valid and reliable.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: The majority of results were reported for the 51 children stated to be
included in the pilot study. In Table 5 of the study, the N for each dental fluorosis
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category only totals 43, but the text indicates 8 children did not have a Dean Index
because teeth had not erupted.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: The study used three different measurements of fluoride exposure: well
water fluoride concentrations from the residence during pregnancy and onwards,
fluoride concentrations from children's first morning urine samples, and degree of
children's dental fluorosis. Fluoride concentrations in community well water were
measured and recorded by Mianning County CDC; specific methods were not reported,
but they likely used standard methods as they were conducted by the CDC and were
likely the same as those used to measure the fluoride in urine. Migration of subjects was
noted to be limited. Well water fluoride concentrations of the mother's residence
during pregnancy and onward were used to characterize a child's lifetime exposure. To
provide a measure of the accumulated body burden, each child was given a 330-mL
(11.2-oz) bottle of Robust© distilled water (free from fluoride and other contaminants)
to drink the night before the clinical examinations, after emptying the bladder and
before bedtime. The first urine sample the following morning was collected at home,
and the fluoride concentration was determined on a 5-mL sample using an ion-specific
electrode at the Mianning CDC. There is no indication that urinary fluoride levels
accounted for dilution nor was it clear that the method of administering water to the
children and collection methods sufficiently controlled for differences in dilution. One of
the investigators, a dentist, performed a blinded dental examination on each child's
permanent teeth to rate the degree of dental fluorosis using the Dean Index. The Dean
Index is a commonly used index in epidemiological studies and remains the gold
standard in the dentistry armamentarium. The Index has the following classifications:
normal, questionable, very mild, mild, moderate, and severe. Quality control (QC)
procedures are not reported but were likely appropriate.
 Direction/magnitude of effect: Current levels were used to assess lifetime
exposure. This is likely to be a non-differential exposure misclassification and
direction of bias is unknown. Because subject migration appears to be limited, it
is likely that the current fluoride levels are adequate reflections of past
exposure. Dental fluorosis would be an indicator that exposure occurred in the
past and there was a fair correlation between degree of dental fluorosis and
current urine and water fluoride levels, with both increasing with increasing
levels of dental fluorosis.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measure exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: The study authors adopted culture-independent tests considered feasible for
children aged 6 to 8 years. The Wide Range Assessment of Memory and Learning
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(WRAML) was used for the assessment of memory and learning. Three subtests were
also used. The Finger Windows subtest assesses sequential visual memory. The Design
Memory subtest assesses the ability to reproduce designs from memory following a
brief exposure. The Visual Learning subtest assesses the ability to learn the locations of
pictured objects over repeated exposures. The Wechsler Intelligence Scale for ChildrenRevised (WISC-IV) included digit span for auditory span and working memory and block
design for visual organization and reasoning. The grooved pegboard test assesses
manual dexterity. The tests used have been validated on a western population.
Although there is no information provided to indicate that they were validated on the
study population, the study authors indicated that the tests were culture-independent
(+ for methods). Blinding of the outcome assessors or steps to minimize potential bias
was not reported. However, it is unlikely that the assessors had knowledge of the
individual exposure as children all came from the same area, and water and urine levels
were tested at the CDC. (+ for blinding). Overall = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that all outcomes
were assessed blindly using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses were appropriate. Data were
log-transformed when necessary.
 Other potential concerns: It should be noted that this study was a pilot study
and, therefore, had a relatively small sample size (i.e., 51 children).
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
the confounding, exposure, and outcome risk-of-bias domains. Study strengths include
individual fluoride measurements with blinding at outcome assessment likely. All key
confounders and many other confounders were taken into account in the study design or
analysis.

Cui et al. (2018)
Study Details:
•

Study design: Cross-sectional
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Population: School children aged 7–12 years from four schools in two districts in China with
different fluoride levels
Study area: Jinghai and Dagang in Tianjin City, China
Sample size: 323 school children
Data relevant to the review: IQ scores by urine fluoride levels.
Reported association with fluoride exposure: Yes: Significant correlation between IQ score and
urinary fluoride (adjusted β = −2.47).

Risk of Bias:
•

•

•

Author contacts:
o Authors were contacted in June 2019 to obtain additional information for risk-of-bias
evaluation.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Four schools were selected from the same district in China. The schools were
selected based on levels of fluoride in the local drinking water and the degree of school
cooperation. No details were provided on the number of schools in given areas or the
difficulty in getting school cooperation. It was noted that the residents in the four areas
had similar living habits, economic situations, and educational standards. Although
authors do not provide the specific data to support this, fluoride levels and IQ scores
were provided by different subject characteristics. The areas were classified as
historically endemic fluorosis and non-fluorosis. Cluster sampling was used to select the
grades in each school according to previously set child ages, and classroom was
randomly selected with all students within a selected classroom included. Reasons for
exclusion do not appear to be related to exposure or outcome.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and recruited within the same time frame using the same methods,
with no evidence of differences in participation/response rates.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: The measurements of all covariates were obtained by structured
questionnaires that were completed by children with the help of their parents.
Confounders that were assessed include: child’s gender, child’s ethnicity, child’s age,
child’s BMI, birth (normal vs abnormal), mother’s age at delivery, mother’s education,
income per family member, mother’s smoking/alcohol during pregnancy, family
member smoking, environmental noise, iodine region (non-endemic vs iodine-excessendemic area), factory within 30 m of residence, iodine salt, diet supplements,
seafood/pickled food/tea consumption, surface water consumption, physical activity,
stress, anger, anxiety/depression, trauma, having a cold 5 times a year, thyroid disease
in relatives, mental retardation in relatives, and cancer in relatives. Covariates not
considered include parity, maternal and paternal IQ, and quantity and quality of
caregiving environment (e.g., HOME score). The authors report that there are no other
environmentally toxic substances that may affect intelligence, such as high arsenic or
iodine deficiency according to the Tianjin Centers for Disease Prevention and Control.
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Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias because there is indirect evidence that the key
confounders are considered, methods for collecting the information are valid and
reliable, and co-exposure to arsenic is likely not an issue in this area.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Of the 400 children enrolled, 35 were excluded because they did not have
informed consent signed by a guardian or they moved out of the area. Forty-two
children were excluded because they did not have a DRD2 genotyping measurement. It
is unclear if these children were from the same schools or if they were evenly
distributed throughout the study area. It was also unclear if the excluded subjects were
similar to those included in the study. In the study, some analyses had fewer than the
323 subjects, but this seems reasonable given the subgroups that were being evaluated.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Although children were selected based on area fluoride levels, fluoride in the
urine was used in the analysis. Urine was collected from each child the morning of
enrollment and analyzed within a week. Fluoride levels were measured using an
ion-selective electrode according to the China standard. A brief description of the
method was provided, but no QC methods were reported. The study authors did not
account for urinary dilution in the spot samples.
 Direction/magnitude of effect: Not accounting for dilution could cause there to
be some exposure misclassification. The direction and magnitude would depend
on where the differences occurred.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using acceptable methods that provide individual levels of
exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: IQ was measured by professionals using the Combined Raven's Test-The Rural
in China method, which is the appropriate test for the study population (++ for
methods). Blinding or other methods to reduce bias were not reported. Although it is
unlikely that the outcome assessor would have knowledge of the child's urine fluoride
levels, there is potential that they would know if the child was from an endemic or nonendemic area if the IQ tests were conducted at the child's school, and there was no
information provided on how the IQ tests were administered. Correspondence with the
study author noted the cross-sectional nature of the study with outcome and exposure
assessed at the same time making the outcome assessors blind to the exposure.
However, there is still potential for knowledge of the area (+ for blinding).
o

•

•

•
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Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes in the abstract, introduction, and methods are reported in
sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses were appropriate. Data were logtransformed when necessary.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding, exposure, and outcome. Study strengths include individual exposure
measurements but is limited by the cross-sectional study design and lack of accounting for urine
dilution. All key confounders were accounted for in the study design or analysis.
o

•

•

•

Cui et al. (2020)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: School children aged 7–12 years
Study area: Tianjin City, China (one randomly selected school from each district based on iodine
levels in the water), presumably was an expansion of the Cui et al. (2018)
Sample size: 498 school children
Data relevant to the review: IQ scores by urine fluoride levels.
Reported association with fluoride exposure: No: No significant difference in IQ score based on
a one-way ANOVA in the three different urinary fluoride categories.

Risk of Bias:
•

•

Author contacts:
o Authors were not contacted for the 2020 publication. Authors were contacted in June
2019 for additional information on the Cui et al. (2018) publication. Information
obtained from that correspondence may have been used for additional information in
the 2020 publication.
Population selection:
o Rating: Probably low risk of bias (+)
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Summary: Subjects were recruited from 2014 to 2018. One school was selected from
each district where water concentrations of water iodine were <10, 10–100, 100–150,
150–300 and >300 µg/L. In each school, classes were randomly sampled for the
appropriate age group of 7–12 years old. A table of subject characteristics was provided
by IQ. A total of 620 children were recruited, and 122 children who did not have
complete information or enough blood sample were excluded. Reasons for exclusion do
not appear to be related to exposure or outcome. The characteristics of the 498
included children are presented.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited within the same time frame using the same
methods, with no evidence of differences in participation/response rates.
Confounding:
o Rating: Probably high risk of bias (-)
o Summary: It was noted by the study authors that there were no other environmental
poisons except water fluoride. Other studies also conducted in this area of China noted
specifically that arsenic was not a concern. Iodine was addressed as that was one of the
main points of the study. Twenty-one factors (provided in Table 1 of the study) were
selected as confounders, and a homemade questionnaire of unspecified validity was
used for obtaining the information. It was noted that child age, stress, and anger were
significantly associated with IQ although it is unclear if these varied by fluoride level.
However, Cui et al. (2018) indicates that stress and anger were not significantly
associated with fluoride, and it is assumed that results would be similar for this study
even though more children were included in the current study.
o Potentially important study-specific confounders: Age (children 7–12 years old)
 Direction/magnitude of effect: Age is a potential confounder for IQ, even in the
narrow age range evaluated in this study. The direction of effects may depend
on the number of children in each age group within the different urinary
fluoride categories; however, these data were not provided. In general, there
were fewer subjects ≤ 9 years of age (i.e., 111) compared to > 9 years of age
(i.e., 387) with a significantly higher IQ in the ≤9-year-old age group. Therefore,
if exposure were higher in the older subjects, this could bias away from the null.
o Basis for rating: Probably high risk of bias because there is indirect evidence that age
was not addressed as a confounder and it may be related to both IQ and exposure.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Of the 620 (20%) children recruited, 122 were excluded due to incomplete
information or inadequate blood sample. No information was provided to indicate if
there were similarities or differences in the children included versus the children
excluded, but exclusion is unlikely to be related to either outcome or exposure.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o

•

•

•
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Summary: Children's morning urine was collected with a clean polyethylene tube and
fluoride was measured using a fluoride ion-selective electrode following Chinese
standard WS/T 89-2015. A brief description was provided, but no QC methods were
reported. The study authors do not account for urinary dilution in the spot samples.
 Direction/magnitude of effect: Not accounting for dilution could cause there to
be some exposure misclassification. The direction and magnitude would depend
on where the differences occurred.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using acceptable methods that provide individual levels of
exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: IQ was measured using the Combined Raven's Test, which is an appropriate
test for the study population (++ for methods). Blinding was not mentioned; however,
the outcome assessors would not likely have knowledge of the child's urinary fluoride.
Subjects appear to have been recruited based on iodine levels and it is, therefore,
unlikely that there would be any knowledge of potential fluoride exposure.
Correspondence with the study authors for the Cui et al. (2018) study also indicated that
the outcome assessors would have been blind.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes in the abstract, introduction, and methods are reported in
sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: The IQ scores are stated to be normally distributed, but
there is no evidence that this was in fact tested. A t-test or one-way ANOVA was
used to make comparisons between IQ and fluoride. The primary focus of the
study was to evaluate associations between thyroid hormones or dopamine
levels on IQ (not between fluoride and IQ). It should also be noted that
regardless of the analysis conducted, there is no adjustment for school and no
accounting for the clustering of children from the same school.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk if bias based on indirect evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
exposure and outcome. Study strengths include individual exposure measurements, but the
o

•

•

•

•
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study is limited by the cross-sectional study design, lack of accounting for urine dilution, and by
not addressing age as a potential confounder.

Ding et al. (2011)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Elementary school children aged 7–14 years old
Study area: Hulunbuir City, Inner Mongolia, China
Sample size: 331 school children
Data relevant to the review: IQ mean difference based on 10 categories of urine fluoride.
Reported association with fluoride exposure: Yes: Significant association between urinary
fluoride and IQ score (each increase in urinary fluoride of 1 mg/L was associated with an IQ
score 0.59 points lower; 95% CI: −1.09, −0.08).

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: The study randomly selected 340 7–14-year-olds from four nearby
elementary schools in Hulunbuir. Authors stated that the four elementary schools
appeared to be very similar in teaching quality. The study authors noted that they
followed the principles of matching social and natural factors like economic situation,
educational standards, and geological environments as much as possible; however, how
this was done is unclear and no table of study subject characteristics by group was
provided.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited within the same time frame using the same
methods, with no evidence of differences in participation/response rates.
Confounding:
o Rating: Probably high risk of bias (-)
o Summary: It was noted that none of the four sites had other potential neurotoxins
including arsenic in their drinking water. While they did not provide the specifics, they
did provide a reference. In addition, iodine deficiency was noted as not being issue in
any of the four areas. Age was the only confounder adjusted in the model. While dental
fluorosis severity by % female was reported, not enough data were provided to
determine if it was a confounder that should have been considered in the regression.
The study authors note that future studies will include covariates such as parents'
educational attainment, mother's age at delivery, and household income.
o Potentially important study-specific confounders: Gender
 Direction/magnitude of effect: There is not enough information to determine if
there is an effect from gender. There were some differences in dental fluorosis
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•

•

•

•

level by gender, but it is unclear how this might impact the results or if the
distribution of gender differed by age.
o Basis for rating: Probably high risk of bias based on indirect evidence that there were
differences in gender that were not considered in the study design or analyses.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Data were relatively complete (i.e., <5% loss). Of the 340 subjects selected for
inclusion, 5 were excluded because they lived in the area for less than a year with an
additional 4 not consenting to participate.
o Basis for rating: Definitely low risk of bias based on direct evidence that exclusion of
subjects from analysis was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Spot urine samples were collected and measured using China CDC standards.
All samples were analyzed twice using a fluoride ion-selective electrode. Recovery rates
were specified as 95–105% with an LOD of 0.05 mg/L. Water samples were collected
from small-scale central water supply systems and tube wells with handy pumps and
were processed using standard methods similar to the urine samples. Quality assurance
validation was reported. A blind professional examiner evaluated the children for dental
fluorosis using the Dean's Index. All urine and water samples were above the LOD. Urine
levels were the primary exposure measure used in the analysis. The study authors did
not account for urinary dilution in the spot samples. The mean urine fluoride
concentration was correlated with the dental fluorosis levels.
 Direction/magnitude of effect: Spot urine samples that did not account for
dilution could have exposure misclassification. The misclassification is likely nondifferential and potential direction of bias is unknown.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measure exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: IQ was determined using the Combined Raven's Test-The Rural in China (CRTRC3) (++ for methods). Although blinding was not reported, it is unlikely that the IQ
assessors had knowledge of the children's urine levels or even of the water levels from
the four sites as these were sent to a separate lab for testing (+ for blinding). Overall
rating for methods and blinding = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient details.
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Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Statistical analyses were reasonable (ANOVA and multiple
linear regression), but consideration of homogeneity of variance was not
reported. The NASEM (2020) review pointed out a potential concern for the lack
of accounting for clustering at the school-level since children were selected
from four elementary schools. However, as pointed out in the Selection domain,
the authors stated that they followed the principles of matching social and
natural factors like economic situation, educational standards, and geological
environments as much as possible and that the four elementary schools
appeared to be very similar in teaching quality.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that the statistical
analyses were appropriate and that there were no other potential threats to risk of bias.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
exposure and outcome. Study strengths include individual exposure measurements, but the
study is limited by the cross-sectional study design, lack of accounting for urine dilution, and by
not addressing gender as a potential confounder.
o

•

•

Green et al. (2019)
Study Details:
•
•
•
•
•

•

Study design: Prospective cohort
Population: Maternal-Infant Research on Environmental Chemicals (MIREC) participants
(pregnant mothers and their children aged 3–4 years)
Study area: 10 cities, Canada
Sample size: 512 mother−child pairs (238 from non-fluoridated areas, 162 from fluoridated
areas; 264 females, 248 males)
Data relevant to the review: Adjusted linear regression models evaluating associations between
IQ in both genders together and separate with maternal urinary fluoride across all three
trimesters or estimated maternal fluoride intake.
Reported association with fluoride exposure: Yes: Significantly lower full-scale IQ with 1-mg/L
increases in maternal urinary fluoride in boys (adjusted β = −4.49), but not girls (adjusted β =
2.40) and not in sexes combine (adjusted β = −1.95); significantly lower full-scale IQ with 1-mg
increases in maternal intake in sexes combined (adjusted β = −3.66 [no sex interaction]);
significantly lower full-scale IQ with 1-mg/L increases in drinking water fluoride in sexes
combined (adjusted β = −5.29 [no sex interaction]).

Risk of Bias:
•

Author contacts:
177

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.
Authors were contacted in June 2019 for additional information for the risk if bias
evaluation.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: Pregnant women were recruited from the same population, during the same
timeframe, and using the same methods as the MIREC program. Methods were
reported in detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposed
groups were similar and were recruited with the same methods during the same time
frame.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: The study considered several possible covariates including maternal age, prepregnancy BMI, marriage status, birth country, race, maternal education, employment,
income, HOME score, smoking during pregnancy, secondhand smoke in the home,
alcohol consumption during pregnancy, parity, child’s gender, child’s age at testing,
gestational age, birth weight, time of void, and time since last void. The study also
conducted secondary analyses to test for lead, mercury, arsenic, and PFOA. There is no
indication of any other potential co-exposures in this study population. Iodine deficiency
or excess could not be assessed but is not expected to differentially occur. The study
was not able to assess parental IQ or mental health disorders. Methods used to obtain
the information included questionnaires and laboratory tests.
o Potentially important study-specific confounders: All key confounders were addressed.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on indirect evidence that the methods
used to collect the information were valid and reliable and direct evidence that key
confounders including potential co-exposures were addressed.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Of the 610 recruited children, 601 (98.5%) completed testing. Of the 601
mother-child pairs, 512 (85.2%) had all three maternal urine samples and complete
covariate data, and 400 (66.6%) had data available to estimate fluoride intake.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Spot urine samples from all three trimesters of pregnancy were evaluated
using appropriate methods, and results were adjusted for creatinine and specific gravity.
Fluoride intake was estimated based on fluoride water levels and information on
consumption of tap water and other water-based beverages (e.g., tea, coffee) was
obtained via questionnaire.
 Direction/magnitude of effect: There is not any specific direction or magnitude
of bias expected. Urinary fluoride levels are reflective of a recent exposure.
o

•

•

•

•
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•

•

•

Having measurements from all three trimesters of pregnancy provides a better
representation of actual exposure than a single measurement although the
potential for missed high exposure is possible. However, the possibility of the
occurrence of missed high exposure would be similar in all females and would
be non-differential. For the fluoride intake, exposure was based on the fluoride
levels in the water at the residence. If women worked outside the home and the
majority of intake occurred from areas outside the home (and were different
from levels in the home), there is potential to bias toward the null.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: The Wechsler Preschool and Primary Scale of Intelligence was normalized for
ages 2.5–<4.0 and child sex using the U.S population-based norms. Blinding was not
reported, but it is unlikely that the outcome assessors had knowledge of the maternal
fluoride level or were aware if the city had fluoridated water.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes were reported.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Linear regression was performed. Regression diagnostics
were used to test assumptions for linearity, normality, and homogeneity. There
were two potential influential observations (based on Cook’s distance), and
sensitivity analyses re-estimated the models without these two variables.
Further sensitivity analyses were also conducted. Although city was accounted
for as a covariate in the regression models, the city effect should have been a
random effect rather than a fixed effect to account for potential clustering of
results within each city. Although the analysis used individual-level exposure
rather than city-level exposure, if the exposure levels within a city are highly
correlated (which might be expected given that some cities were fully on
fluoridated water and others were not), the fixed-effect model could still
produce biased estimates. However, correspondence with the study authors
indicated that a supplemental analysis using a random effects multi-level model
showed similar results to the main model.
 Other potential concerns: None identified.
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Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding, exposure, and outcome. Study strengths include individual exposure
measurements, prospective cohort design, and addressing potential key confounders.
o

•

Li et al. (2004) [translated in Li et al. 2008a]
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Full term, normal neonates 24−72 hours old from healthy mothers
Study area: Zhaozhou County, Heilongiang Province, China
Sample size: 91 neonates (46 males and 45 females)
Data relevant to the review: Comparison of neurobehavioral capacity between children in the
high-fluoride area compared to the control area.
Reported association with fluoride exposure: Yes: Significant differences in neurobehavioral
assessment total scores between high-fluoride (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).

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: There is indirect evidence that the exposure groups were similar. They were
recruited during the same time frame using the same methods. From 2002 to 2003, 273
neonates were born in a hospital in Zhaozhou County, China. Ninety-one of 273 fullterm neonates (46 males, 45 females) were randomly selected. Mothers ranged in age
from 20 to 31 years, met multiple health criteria, and had not changed residence during
pregnancy. Authors report that the two study groups are located in the same area with
similar climate, living habits, economic and nutritional conditions, and cultural
backgrounds, but do not provide these data in the manuscript. There is no statistically
significant difference in the mode of delivery, birth weight, infant length, or sex.
Subjects were separated into exposure groups after random selection.
o Basis for Rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited within the same time frame using the same
methods with no evidence of differences in participation/response rates.
Confounding:
o Rating: Probably low risk of bias (+)
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Summary: No confounders were specifically controlled in the analysis. The study authors
note similarities in characteristics in the two populations (i.e., living habits, economic
and nutritional conditions, and cultural backgrounds), but do not provide these data nor
do they indicate what specific characteristics were considered. There were no significant
differences in infant gender, birth method, gestational age, or infant weight and length.
All tests were conducted when children were 1–3 days old. No potential co-exposures
were discussed. Although arsenic is considered a potential issue in China, water quality
maps indicate that there is a 25–50% probability that the drinking water in that area
exceeds the WHO guideline for arsenic of 10 µg/L.
o Potentially important study-specific confounders: Key confounders, including child’s
age, child’s gender, and measures of socioeconomic status (SES), were similar between
exposure groups; however, arsenic was not taken into account. Arsenic often occurs in
the drinking water along with fluoride in some Chinese populations; however, based on
water quality maps, arsenic does not appear to be an issue in Zhaozhou County of the
Heilongjiang Province. Iodine deficiencies are not mentioned.
 Direction/magnitude of effect: The presence of arsenic would potentially bias
away from the null if it were present with fluoride. Deficiencies in iodine would
potentially bias away from the null if it were present in areas of higher fluoride,
but toward the null if it were present in areas of lower fluoride.
o Basis for rating: Probably low risk of bias based on indirect evidence that the key
confounders are taken into account, co-exposure to arsenic is likely not an issue in this
area, and methods used for collecting the information are valid and reliable.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Although authors did not discuss why they only randomly selected 91 of the
273 neonates available, results were available for all 91 subjects.
o Basis for rating: Definitely low risk of bias based on results being available for all
subjects.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Subjects were split into control and high-fluoride groups based on fluoride
levels in their places of residence. Although the levels were provided (1.7–6.0 mg/L for
the high-fluoride group compared to 0.5–1.0 mg/L for the control group), it was not
reported how or when these levels were measured. Urine was collected when women
were hospitalized, but before labor began. Urine samples were sent to a specific lab for
measurement using fluoride ion-selective electrode. It was noted that this procedure
strictly followed the internal controls of the laboratory indicating quality control. Level
of detection (LOD) was not provided. Urinary fluoride levels were significantly higher in
the high-fluoride mothers (3.58 ±1.47 mg/L) compared to the control-group mothers
(1.74±0.96 mg/L). There was indirect evidence that exposure was consistently assessed
using well-established methods that directly measure exposure. Although results were
mainly based on exposure area, they were supported by urine data making exposure
misclassification less of a concern.
o

•

•
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Direction/magnitude of effect: There is high variability in both water fluoride
and urine fluoride in the subjects from the high-exposure area. Although there
is no overlap in the water fluoride levels in the exposure areas, there is some
overlap in the urine concentrations in the mothers from the two areas. This may
reflect the single measurement and pose no specific bias, or it could indicate
that some mothers in the high-fluoride area have lower fluoride exposure,
which could bias the results toward the null.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measure exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: A standard neonatal behavioral neurological assessment method was carried
out by professionals in the pediatric department working in neonatal section trained
specifically for these programs and passing the training exams. (+ for methods). The
examinations were carried out 1 to 3 days after delivery. Because urine samples were
collected on the day of delivery and sent to a separate laboratory, it is likely that the
outcome assessors were blind. Although the subjects were separated by fluoride
exposure area, it is not likely that the professionals were aware of the exposure as the
tests were conducted in the hospital (+ for blinding).
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was assessed blindly using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Probably low risk of bias (+)
o Summary: The study authors reported numerous endpoints in sufficient detail; however,
because they did not provide a list of endpoints tested there is no direct evidence that
all were reported.
o Basis for rating: Probably low risk of bias based on indirect evidence that all the study’s
measured outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Statistical analyses were reasonable (t-test), but
consideration of homogeneity of variance was not reported. This was a
translated study.
 Other potential concerns: It should be noted that, although the study states that
subjects were randomly selected, it is unclear why only 91 subjects were
included and if they were randomly selected to obtain equal groups in the
high-fluoride and control groups.
o Basis for rating: Probably low risk of bias based on indirect evidence that statistical
analyses were appropriate and that there were no other potential threats to risk of bias.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
the confounding, exposure, and outcome risk-of-bias domains. Study strengths include
individual fluoride measurements to support the differences in the two areas. Tests were noted


•

•

•

•
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to be conducted at the hospital providing indirect evidence that blinding was not a concern
during the outcome evaluation. Although there was some potential for bias due to the lack of
accounting for arsenic or iodine deficiencies, co-exposure to arsenic is likely not a major concern
according to groundwater quality maps.

Riddell et al. (2019)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Canadian Health Measures Survey (cycles 2 and 3) participants (children aged 6−17
years)
Study area: general population, Canada
Sample size: 3,745 children
Data relevant to the review: Adjusted odds ratios for ADHD and attention symptoms per 1 unit
increase in urinary fluoride, by water fluoride in the tap water, or community fluoridation status.
Reported association with fluoride exposure: Yes: Significantly increased odds of ADHD
diagnosis (adjusted OR = 6.10; 95% CI: 1.60, 22.8) or hyperactivity/inattentive symptoms
(adjusted beta = 0.31; 95% CI: 0.04, 0.58) per 1-mg/L increase in tap water fluoride. Also, a
significant association between ADHD diagnosis (adjusted OR = 1.21; 95% CI: 1.03, 1.42) or
hyperactivity/inattentive symptoms (adjusted beta = 0.11; 95% CI: 0.02, 0.58) and community
water fluoridation status. No significant associations with urinary fluoride levels.

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: Subjects were part of Cycles 2 and 3 of the Canadian Health Measures Survey.
This is a nationally representative sample of residents living in 10 provinces. Specific
inclusion criteria were provided. This study was restricted to children 6–17 years of age
with different fluoride measurements that consisted of three participant samples. One
of the samples was only available in Cycle 3.
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposed
groups were similar and were recruited with the same methods during the same time
frame.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Covariates included in all models included child's age at test, child's sex,
ethnicity, BMI, parents' education, total household income, exposure to cigarette smoke
inside the home, and log-transformed concurrent blood lead levels. Confounders such
as parental behavioral and mental health disorders, quantity and quality of caregiving
environment, and co-exposure to arsenic were not discussed. Rationale for selection of
covariates was based on relationship to ADHD diagnosis and to fluoride metabolism
based on literature review and consultation with an ADHD expert. There is no
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•

•

information of the source if data for covariates, but this is likely the questionnaires from
the Canadian Health Measures Survey, which are considered standardized and
validated.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias because there is indirect evidence that the key
confounders are taken into account, co-exposure to arsenic is likely not an issue in this
area, and methods used for collecting the information were valid and reliable.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: There is no information indicating that there were any data excluded due to
missing covariates. All exclusions of children were described and reasonable (i.e.,
drinking bottled water when considered city fluoridation as a measure of fluoride
exposure). Outliers were stated to be excluded, but methods for determining this were
provided and it was noted that the outliers were 0.27% of the values.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Urinary Fluoride: Spot urine samples were collected under normal nonfasting conditions and analyzed using an Orion pH meter with a fluoride ion-selective
electrode after being diluted with an ionic adjustment buffer. Analysis was performed at
the Human Toxicology Laboratory of the Institut National de Sante Publique du Quebec.
The precision and accuracy of the fluoride analyses, including quality control and quality
assurance, were described by Health Canada (2015). The limits of detection were
20 µg/L for Cycle 2 and 10 µg/L for Cycle 3 with no values below detection. Fluoride
levels were adjusted for specific gravity.
Water Fluoride in Tap water: Tap water was collected at the subjects’ homes in Cycle 3
only. Samples were analyzed for fluoride concentrations using anion exchange
chromatography procedure with a LOD of 0.006 mg/L. Values below the LOD were
imputed with LOD/square root 2. Of the 980 samples, 150 (16%) were below detection.
Chlorinate Water Fluoride status: This was determined by viewing reports on each city's
website or contacting the water treatment plant (provided in supplemental material).
Children were excluded if they drank bottled water, had a well, had a home filtration
system, lived in the current residence for 2 years or less, or lived in an area with mixed
city fluoridation.
 Direction/magnitude of effect: There is not any specific direction or magnitude
of bias expected. Urinary fluoride levels are reflective of a recent exposure, but
the study authors adjusted to account for dilution. The possibility of exposure
misclassification would be similar in all subjects and would be non-differential.
There is less potential for exposure misclassification in regard to tap water or
chlorinated water fluoride status as children who drank bottled water were
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•

•

•

excluded and children who had a home filtration system were excluded from
the chlorinated water status.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably high risk of bias (-)
o Summary:
Strengths and Difficulties Questionnaire (SDQ): The questionnaire was administered to
youths under 18 years. Children aged 6–11 years had SDQ ratings provided by parents
and guardians, but youths aged 12−17 years completed the questionnaire themselves.
Tests consist of 25 items with a 3-point scale. Items were divided into five subscales:
emotional problems, conduct problems, hyperactivity-inattention, peer problems, and
prosocial behavior. The current study only used the hyperactivity-inattention subscale.
Validation of this method was not reported (- for methods).
ADHD: Ninety percent of youths with ADHD are diagnosed after age 6 years. For
children aged 6–11 years, ADHD diagnosis was provided by parents, but youths age
12−17 years completed the questionnaire themselves. Cycle 2 asked "Do you have a
learning disability?" and if yes asked to specify the type (4 options available and
described). In Cycle 3, parents were asked directly whether they had ADHD, and children
12 years and older were asked if they had a physician diagnosis of ADHD and, if so, what
subtype. (- for methods because different methods were used and only the children 12
years and older in cycle 3 were asked specifically about doctor diagnosis). Both were
measured in both cycles. Blinding is not likely an issue as subjects would not have
knowledge of the urine or tap water fluoride levels. However, they would likely have
knowledge of the city.
o Basis for rating: Probably high risk of bias based on indirect evidence that the outcome
was assessed using insensitive methods that varied based subject age.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods sections
were reported in sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Logistic regression was used for ADHD results. Box-Tidewell
tests were used to check the linearity of the relationship with the continuous
predictors. Linear regression was used for the SDQ scores using Huber-White
standard errors. All regressions were tested for interactions between age and
fluoride and sex and fluoride. Sensitivity analyses were conducted to test the
different cycles.
 Other potential concerns: None identified.
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Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding and exposure. Study strengths include individual exposure measurements and the
addressing of potential key confounders but was limited by the cross-sectional study design and
insensitive outcome measures.
o

•

Rocha-Amador et al. (2007)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 6–10 years
Study area: Moctezuma (low fluoride, low arsenic) and Salitral (high fluoride, high arsenic) of
San Luis Potosí State and 5 de Febrero (high fluoride, high arsenic) of Durango State, Mexico
Sample size: 132 children
Data relevant to the review: Associations between full-scale IQ, performance IQ, verbal IQ and
child’s urine or water fluoride levels.
Reported association with fluoride exposure: Yes: Significant associations between fluoride and
IQ scores (full-scale 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-scale IQ adjusted βs of –6.15 with water and
–5.72 with urine; CIs not reported).

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: All children in 1st through 3rd grades in three rural areas in Mexico (n = 480)
were screened for study eligibility including age, time at residence, and address. Authors
report that the three selected communities were similar in population and general
demographic characteristics. Children who had lived in the area since birth and were
6–10 years old were eligible to participate (n = 308). Of the 308 children, 155 were
randomly selected and the response rate was 85%, but participation was not reported
by area. It was noted, however, that no significant differences in age, gender, or time of
residence were observed between participants and non-participants. Timeframe for
selection was not mentioned but appears to be similar. Sociodemographic
characteristics of subjects was provided in Table 1 of the study. There was a significant
difference in SES and transferrin saturation, but these were taken into account in the
analysis.
o Basis for rating: Probably low risk of bias based on indirect evidence that the
populations were similar and differences were noted and addressed in the analysis.
Confounding:
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Rating: Probably low risk of bias (+)
Summary: The study design or analysis accounted for child’s age, sex, SES, transferrin
saturation, weight, height, blood lead levels, and mother's education. Arsenic levels
were highly correlated with fluoride levels and it was stated that each was tested alone,
and arsenic was found to have less of an effect. The authors noted in the methods that
they tested for an interaction between arsenic and fluoride. Smoking was not addressed
and methods for measuring many of the confounders were not reported.
o Potentially important study-specific confounders: Arsenic
 Direction/magnitude of effect: Presence of arsenic, which also demonstrated an
association, would bias away from the null.
o Basis for rating: Probably low risk of bias based on indirect evidence that the methods
used to collect the information were valid and reliable and direct evidence that key
confounders were addressed.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Of 155 children randomly selected for study participation, 85% responded to
enroll. According to the authors, there were no significant differences in age, gender, or
time of residence between responders and non-responders. However, no data are
provided to support this, and no breakdown of responders/non-responders by region is
provided. Data were provided for the 132 children agreeing to participate.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Definitely low risk of bias (++)
o Summary: Urine samples were collected on the same day as psychological evaluations
and were analyzed for fluoride according to NIOSH Method 8308 (Fluoride in Urine). For
QC, a reference standard was also used (NIST SRM 2671a). Urine samples were also
analyzed for arsenic by using the Atomic Absorption Spectrophotometer with hydride
system (Perkin-Elmer, model AAnalyst 100, Wellesley, United States) and used a
reference standard for QC. Levels were adjusted for urinary creatinine levels to account
for dilution in the spot samples. Tap water samples were collected from each child's
home on the day of biological monitoring. Fluoride was measured with a sensitive,
specific ion electrode. Detailed methods are provided including internal quality controls.
It was noted that in the high fluoride group it was common to drink bottled water low in
fluoride and to only use the tap water for cooking; therefore, urine was considered the
most appropriate measure of exposure. Only children who had lived at the same
residence since birth were included.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Definitely low risk of bias based on direct evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o
o

•

•

•
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Summary: Neuropsychological profiles were assessed through the WISC-RM (revised for
Mexico). This is a well-established test appropriately adjusted for the study population.
However, no additional validation is provided (+ for methods). The study report stated
that the test assessors were masked to both arsenic and fluoride water levels (++ for
blinding). Overall rating for methods and blinding = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Probably high risk of bias (-)
o Summary: It was reported that an interaction between fluoride and arsenic was
measured, but it was only noted in the discussion that the study design precluded
testing statistical interaction between fluoride and arsenic. This provides indirect
evidence of selective reporting.
o Basis for rating: Probably high risk of bias based on indirect evidence that there was
selective reporting.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
o Statistical analyses:
 Statistical analyses: Statistical analyses used were appropriate for the study.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements and outcomes blindly assessed, but it is limited by the cross-sectional study
design and not being able to completely rule out the influence of arsenic in the results.
o

•

•

•

Rocha-Amador et al. (2009)
Study Details:
•
•
•
•
•

•

Study design: Cross-sectional
Population: Children aged 6–11 years
Study area: Durango, Mexico
Sample size: 80 children
Data relevant to the review: Associations between visuospatial organization and visual memory
(using the Rey-Osterrieth Complex Figure Test, children's version) and urinary fluoride levels in
the children.
Reported association with fluoride exposure: Yes: Significant correlation between urinary
fluoride and visuospatial organization (r = −0.29) and visual memory (r = −0.27) scores. No
significant correlations with arsenic.
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Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Subjects were from the same population and were recruited during the same
time frame using the same methods. Although this study compared three sites with
antecedents of environmental pollution to mixtures of either F–As, Pb–As, or DDT–PCBs,
authors evaluated each contaminant separately. The only area of interest is the area
with F and As contamination. The area in Durango state (5 de Febrero) where drinking
water is polluted naturally with F and As at levels exceeding 6 and 19 times,
respectively, the World Health Organization (WHO) limits (WHO 2008). Children
attending public schools were screened through personal interviews for study eligibility.
Inclusion criteria were children between 6 and 11 years old, living in the study area since
birth, and whose parents signed the agreement to participate. Children with a
neurological disease diagnosed by a physician and reported by the mother were
excluded from the study. The final sample for the F–As was 80. Participation rates were
not reported. Selected demographic characteristics are presented in Table 1 of the
study.
o Basis for rating: Probably low risk of bias based on indirect evidence that the
populations were similar and recruited during the same time frame using the same
methods.
Confounding:
o Rating: Probably high risk of bias (-)
o Summary: Confounding factors in children tested in the analysis included blood lead
(PbB), age, gender, and height-for-age z-scores; only age had significant associations and
was included in the final analysis. Arsenic was also assessed and analyzed separately
from fluoride. Arsenic in urine was analyzed by atomic absorption spectrophotometer
coupled to a hydride system (Perkin-Elmer model AAnalyst 100). Although the model did
not adjust for arsenic, arsenic in the F–As group was not associated with either
endpoint. PbB was analyzed with a Perkin-Elmer 3110 atomic absorption
spectrophotometer using a graphite furnace. Authors note that the mean blood lead
level in the F–As study area was 5.2 µg/dL and 8% of the children had values above the
reference value of 10 µg/dL. PbB was stated not to affect results and was not included in
the final analysis. Other confounding data were obtained during the study interview.
Father's education was provided and, in the F–As group, was stated to range from 0–16
years, but this was not considered. Maternal education, smoking, and SES were also not
considered. The authors provide an SES score of 5.9 ± 1.4 for the 5 de Febrero region
(the fluoride region). It is not clear if this would vary by fluoride or arsenic levels.
o Potentially important study-specific confounders: SES.
 Direction/magnitude of effect: There are insufficient data to determine the
magnitude or direction of effect. If there is an association between fluoride
exposure and SES, the direction of effect would depend on the association.
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Basis for rating: Probably high risk of bias based on indirect evidence that the SES was
not accounted for in the study design or analysis and may have varied by fluoride levels.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Data are complete. All 80 participants stated to be the final sample for the
site of interest (F–As) were included in all analyses.
o Basis for rating: Definitely low risk of bias based on direct evidence that there was no
attrition.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Fluoride in urine (FU) was analyzed according to method 8308 (‘‘fluoride in
urine’’) from the National Institute of Occupational Safety and Health (NIOSH 1984) with
a sensitive specific ion electrode. As a quality control check, reference standard
‘‘fluoride in freeze dried urine’’ (NIST SRM 2671a) was analyzed. The accuracy was
97.0 +/- 6.0%. Levels of FU and AsU were adjusted for urinary creatinine, which was
analyzed by a colorimetric method (Bayer Diagnostic Kit, Sera-Pak1 Plus). However,
details on the collection methods were not reported.
 Direction/magnitude of effect: Spot urine samples in a small sample size (i.e., 80
children) may have some exposure misclassification. Adjusting for dilution
reduces the potential for misclassification based on differences in dilution.
Exposure misclassification would be non-differential.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: IQ is assessed through the Rey-Osterrieth Complex Figure Test (ROCF). This is
a less well-established method, although the authors provide citations suggesting it has
been validated and standardized for the Mexican population (+ for methods). According
to the study report, the neuropsychologist who administered the test was blinded to all
exposure types and levels. (++ for blinding). Overall rating for methods and blinding = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods were
reported in sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses used were appropriate for the study.
 Other potential concerns: None identified.
o

•

•

•

•

•
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Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
exposure and outcome. Study strengths include individual exposure measurements and
outcomes blindly assessed, but it is limited by the cross-sectional study design, lack of
addressing SES in the study population, co-exposure with arsenic, and use of spot samples in a
small population.
o

•

Saxena et al. (2012)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 12 years
Study area: Madhya Pradesh, India
Sample size: 170 children
Data relevant to the review: Mean IQ grade (not standard scores) by water fluoride quartiles or
continuous or by continuous urinary fluoride.
Reported association with fluoride exposure: Yes: Significant correlation between water (r =
0.534; p = 0.000) and urinary (r = 0.542; p = 0.000) fluoride levels and IQ score.

Risk of Bias:
•

•

•

Author contacts:
o Authors were contacted in August of 2017 to obtain additional information for risk-ofbias evaluation.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: There was indirect evidence that subjects were similar and were recruited
using the same methods during the same time frame. The study participants were
selected from a stratified cluster of geographic areas based on fluoride concentration in
groundwater. According to the authors, the selected villages were similar in population
and demographic characteristics. Data are provided to show the breakdown in SES,
parental education, height/age, and weight/height and no significant differences were
noted. Participation was stated to be voluntary, but participation rates were not
provided. It is unclear if the 170 subjects were selected with 100% participation or if the
170 subjects were all that were asked to participate, but it appears that all subjects
participated. Timing of the recruitment was not provided but is assumed to occur during
the same time frame.
o Basis for rating: Probably low risk of bias based on indirect evidence that subjects were
similar and recruited using the same methods during the same time frame.
Confounding:
o Rating: Probably low risk of bias (+)
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Summary: There was indirect evidence that key confounders including potential coexposures were addressed using reasonable methods. A questionnaire, completed with
the assistance of parents, was used to collect information on child characteristics (age,
sex, height, weight), residential history, medical history (including illness affecting
nervous system and head trauma), educational level of the head of the family (in years),
and SES of the family. The SES was recorded according to the Pareek and Trivedi
classification. The nutritional status of the children was calculated using the Waterlow's
classification, which defines two groups for malnutrition using height for age ratio
(chronic condition) and weight for height ratio (acute condition). Within both groups, it
categorizes the malnutrition as normal, mildly impaired, moderately impaired, or
severely impaired. Urinary lead and arsenic were analyzed using the atomic absorption
spectrophotometer (Perkin-Elmer, Wellesley, United States). Urinary iodine was
measured using the Dunn method. Authors do not report which covariates were
included in the multivariate regression models; however, there was no difference in
reported demographic characteristics. All subjects were the same age, and there was no
difference in iodine, lead, or arsenic between the groups. Mean urinary arsenic levels
did increase with increasing fluoride even though there was no significant difference by
group.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on indirect evidence that the methods
used to collect the information were valid and reliable and that key confounders
including potential co-exposures were addressed.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Results were provided for all 170 children stated to be included in the study.
o Basis for rating: Definitely low risk of bias based on direct evidence of no attrition.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: A sample of 200 mL of drinking water was collected at each child's home. The
fluoride levels were analyzed by a fluoride ion-selective electrode, Orion 9609BN
(Thermo Fisher Scientific Inc., West Palm Beach, United States). Each subject was also
asked to collect a sample of their first morning urine. The fluoride content in the urine
was determined using a fluoride ion-selective electrode, Orion 9609BN (Thermo Fisher
Scientific Inc., West Palm Beach, United States). QA/QC and LOD were not reported and
urinary dilution was not assessed. Although only current levels were measured, children
who had changed water source since birth were excluded.
 Direction/magnitude of effect: Spot urine samples that did not account for
dilution could have exposure misclassification. The misclassification is likely nondifferential and not likely to bias in any specific direction. Children who had
changed water since birth were excluded, but it was not specifically noted that
the fluoride in the water source was stable over the years.
o

•

•
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Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: Intelligence is assessed using the Raven's Standard Progressive Matrices and
categorized into five grade levels. Although it was not noted that the test was validated
to the study population, the test is visual and would be applicable to most populations
(+ for methods). There is no mention of blinding by test administrators or evaluators
and the exposure groups come from different geographic areas. It was also not reported
who measured the levels of fluoride from the home or urine samples. Correspondence
with the study authors indicated that the outcome assessors were blind to the children's
fluoride status (++ for blinding). Overall rating for methods and blinding = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Statistical analyses were reasonable (ANOVA), but
consideration of homogeneity of variance was not reported.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that the statistical
analyses were appropriate, and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding, exposure, and outcome. Study strengths include individual exposure
measurements and the addressing of potential key confounders, but it was limited by the crosssectional study design and lack of addressing dilution in the urine samples.
o

•

•

•

•

Seraj et al. (2012)
Study Details:
•
•
•
•

Study design: Cross-sectional
Population: Children aged 6–11 years
Study area: five villages, Makoo, Iran
Sample size: 293 children
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•
•

Data relevant to the review: IQ (mean and distribution) assessed by Raven’s Colored
Progressive Matrices and presented by fluoride area, beta was also provided for water fluoride.
Reported association with fluoride exposure: Yes: 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.

Risk of Bias:
•
•

•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Subjects were selected from five villages in Makoo. The villages were stated
to all be rural with similar general demographic and geographic characteristics and were
comparable in terms of SES and parental occupations. Children were 6–11 years old.
Age, gender, and education were taken into account in the analysis. No other
characteristics were provided or discussed. Participation rates were not reported. There
is indirect evidence that the populations were similar, and some possible differences
were addressed.
o Basis for rating: Probably low risk of bias based on indirect evidence that subjects were
similar and recruited using the same methods during the same time frame.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Age, gender, dental fluorosis intensity, and educational levels (child's and
parents') were evaluated as potential confounders. Other potential confounders such as
smoking were not discussed. Information was obtained from a detailed questionnaire.
Lead was measured, but only found in low levels in the drinking water throughout the
study regions. Iodine in the water was also stated to be measured and residents were
receiving iodine-enriched salt. Arsenic was not addressed, but there is no evidence that
arsenic levels would vary across villages in this area.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on indirect evidence that the methods
used to collect the information were valid and that key confounders including potential
co-exposures were addressed or were not likely to be an issue in the study area.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Attrition was low if it occurred. It was noted that 293 out of 314 children
living in the villages were recruited. It is not clear if 21 children were excluded based on
exclusion criteria or if they refused to participate; however, this accounts for less than
10% of the population and results were available for all 293 subjects.
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Basis for rating: Definitely low risk of bias based on direct evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably high risk of bias (-)
o Summary: Exposure was primarily based on area of residence. Fluoride in the
groundwater was analyzed by the SPADNS (Sulfophenylazo dihydroxynaphthalenedisulfonate) method, utilizing 4000 UV-Vis spectrophotometer (Hach Company,
Germany) in the environmental health engineering laboratory of the Public Health
School of Tehran University of Medical Sciences. Specific details were not provided on
methods of collection, samples locations, or if these locations represented the primary
sources of drinking water for the subjects. Villages were categorized into normal (0.5–1
ppm), moderate (3.1±0.9 ppm), and high (5.2±1.1 ppm) fluoride based on the mean
fluoride content of all seasons presumably for the stated 12-year time period. Subjects
were stated to be long-life residents of the village. Dental fluorosis was also measured
and increased in severity with fluoride levels; however, all areas had some degree of
dental fluorosis. Although authors used an average fluoride level in varying seasons over
presumably 12 years, they used a less-established method without reporting reliability
or validity, nor did they provide data to indicate that the mean was truly representative
of the fluoride levels over time and throughout the village. Although dental fluorosis
severity increased with increasing fluoride levels, the data could also indicate potential
exposure misclassification.
 Direction/magnitude of effect: The presence of dental fluorosis in all groups
indicates that there may have been different exposure in some children at a
younger age. Although there were only about 20 children in the “normal”
fluoride group with very mild to mild dental fluorosis, this could bias the results
toward the null because those children may have experienced a higher level of
fluoride at some point. The other two fluoride groups were exposed to fluoride
levels that likely exceeded those in the “normal” fluoride group.
o Basis for rating: Probably high risk of bias based on indirect evidence that exposure was
assessed using insensitive methods.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: Intelligence was evaluated using the Raven's Color Progressive Matrices. This
is a well-established method. Although the study authors did not provide data to
indicate that the methods were valid in this study population, the test is designed to be
culturally diverse. (+ for methods). The study report stated that test administrators were
blinded. (++ for blinding). Overall rating for methods and blinding = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that outcomes
were blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Probably low risk of bias (+)
o

•

•

•
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Summary: All outcomes outlined in the abstract, introduction, and methods were
reported. However, because they did not report the method for obtaining the betas in
Table 4 of the study, it is not clear if these were adjusted or unadjusted betas.
o Basis for rating: Probably low risk of bias based on direct evidence that all the study’s
measured outcomes were reported, but the results were not sufficiently reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Statistical comparisons between groups were reasonable
(ANOVA), but consideration of homogeneity of variance was not reported. In
addition, the methods for obtaining the betas were not reported.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding and outcome. Study strengths include addressing potential key confounders, but it
was limited by the cross-sectional study design and the group-level exposure data.
o

•

•

Soto-Barreras et al. (2019)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 9–10 years
Study area: Chihuahua, Mexico
Sample size: 161 children
Data relevant to the review: Water fluoride, urinary fluoride, exposure dose, and dental
fluorosis index by IQ grade.
Reported association with fluoride exposure: No: No significant associations between fluoride
exposure and IQ grades.

Risk of Bias:
•
•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Subjects were selected using a multistage cluster sampling. During the first
stage, 13 public elementary schools were randomly selected from a pool of 73 using a
cluster sample design. Secondly, only fourth grade students were included. Authors
stated that they wanted to keep the same grade level, but they were not specific as to
why fourth graders were selected as opposed to any other grade. Lastly, only children
whose parents or guardians attended and responded to the survey were included. There
is no information provided on how the 13 schools selected may be similar or different
from the 60 schools not selected. There is no information provided on the number of
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children in the fourth grade to know participant rates. It was only noted that 245
children were examined, but 161 were included after the exclusion rules were applied.
Inclusion and exclusion criteria are presented. Reasons for exclusion do not appear to be
related to exposure or outcome. Characteristics of participants and non-participants are
not compared; however, characteristics of the 161 included children were provided and
any differences were taken into account in the analysis.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposed
groups were similar and were recruited using similar methods during the same time
frame.
Confounding:
o Rating: Probably high risk of bias (-)
o Summary: No confounders was considered when evaluating fluoride associations with
intelligence; they were only applied when evaluating fluoride levels and dental caries.
Based on Table 4 of the study, there was no significant association between IQ grade
and child's age, sex, parental education, or SES status. No other information was
reported or considered. There is no information on potential co-exposures. Based on
water quality maps, the arsenic prediction indicates a greater than 50% probability of
exceeding the WHO guidelines for arsenic of 10 µg/L in areas of Chihuahua, Mexico.
o Potentially important study-specific confounders: Arsenic.
 Direction/magnitude of effect: The direction and magnitude of effects is
unknown. There is potential for arsenic to occur in the study area, but it is not
known how it relates to fluoride exposure. If they occur together in the water, it
will bias away from the null; however, if they occurred in different areas, there
is potential to bias toward the null.
o Basis for rating: Probably high risk of bias based on indirect evidence that there is
potential for exposure to arsenic that was not sufficiently addressed.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: A total of 161 of 245 children were included in the study. Exclusion criteria
are presented and are unrelated to outcome or exposure. For the 161 children, there
are no missing outcome data.
o Basis for rating: Definitely low risk of bias based on direct evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+);Probably high risk of bias (-)
o Summary: Urinary Fluoride (probably low risk of bias): First morning void urine samples
were collected based on NIOSH methods. Water samples were also stated to be
collected, but it does not appear that methods followed any particular standard, and
there is no indication that subjects were provided with collection containers. Analysis
was based on a calibration curve using fluoride ion selective electrode. QC methods
were mentioned. Based on results, there were values below detection limits, but LODs
or % below LOD were not reported.
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Daily fluoride exposure (probably high risk of bias): Daily fluoride exposure was based
on the water fluoride level, drinking water consumption (based on parental report of
how many glasses of water consumed), and body weight.
 Direction/magnitude of effect: Spot urine samples that did not account for
dilution could have exposure misclassification. The misclassification is likely nondifferential and is not likely to bias in any specific direction. Daily exposure was
based partially on parental report of water consumption. The direction and
magnitude of effect is unknown.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
The daily fluoride exposure is probably high risk of bias because there is indirect
evidence that the exposure was assessed using methods of unknown validity.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: Intellectual ability was evaluated using Raven's Colored Progressive Matrices
by an independent examiner. Some details were provided, but it was not stated that the
tests were assessed blind; however, there is no indication that subjects were from high
fluoride areas and the assessor would not have knowledge of the urine or water fluoride
levels. Results for children were converted into a percentile according to age (details not
provided) and overall scores were assigned an intellectual grade of I to V as described in
the report.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods were
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: The main analysis was for dental caries. Although they make
conclusions on fluoride and IQ, they do not use the same analytical methods for
both outcomes. Table 4 of the study provides a p-value although it is not clear
what the p-value represents; it is presumed to be the Kruskal Wallis p-value. It
appears that a Kolmogorov-Smirnov test was used to determine variable
distribution and a Kruskal Wallis test was used to compare among the groups
with a Dunn's test if significant.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk if bias based on indirect evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
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Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
exposure and outcome. Study strengths include individual exposure measurements and
outcomes blindly assessed, but is limited by the cross-sectional study design, lack of accounting
for urine dilution, and by not addressing potential exposures to arsenic in the study area.

Sudhir et al. (2009)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 13–15 years
Study area: Nalgonda district (Andhra Pradesh), India
Sample size: 1,000 children
Data relevant to the review: Mean IQ grade (not standard scores) or IQ distribution by water
fluoride strata (<0.7, 0.7-1.2, 1.3-4.0, and >4.0 ppm).
Reported association with fluoride exposure: Yes: Significantly increased number of
intellectually impaired children with increasing drinking water fluoride levels.

Risk of Bias:
•

•

Author contacts:
o Authors were contacted in September of 2017 for additional information related to riskof-bias evaluation, but no response was received.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Children were selected from the same general population during the same
time frame and were then broken down into nearly equal exposure groups. A crosssectional study was conducted among 13–15-year-old school children of Nalgonda
district, Andhra Pradesh between August and October 2006. Data were collected from
the school children who were life-long residents of Nalgonda district, Andhra Pradesh
and who consumed drinking water from the same source during the first 10 years of life.
A stratified random sampling technique was used. The entire geographical area of
Nalgonda district was divided into four strata based on different levels of naturally
occurring fluoride in the drinking water supply. Children were randomly selected from
schools in the different strata. It was noted that the 1,000 selected children were
equally divided among all four strata, however, each group did not have 250 children
(but instead 243−267 in each group). Participation rates are not reported. Exclusion
criteria included: children who had a history of brain disease and head injuries, children
whose intelligence had been affected by congenital or acquired disease, children who
had migrated or were not permanent residents, children with orthodontic brackets, and
children with severe extrinsic stains on their teeth. Age and gender data are presented
in Table 1 of the study, but this information is not presented by the different fluoride
groups.
o Basis for rating: Probably low risk of bias based on indirect evidence that subjects were
similar and were recruited using the same methods during the same time frame.
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Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Data were collected using a self-administered questionnaire and clinical
examination. The self-administered questionnaire requested information on
demographic data (appears to cover age and sex), permanent residential address, staple
food consumed, liquids routinely consumed, and aids used for oral hygiene maintenance
(fluoridated or nonfluoridated). SES was measured using the Kakkar socio-economic
status scale (KSESS) with eight closed-ended questions related to parental education,
family income, father’s occupation, and other factors. All children were asked to fill out
the form, and the answers obtained were scored using Kakkar socio-economic status
scoring keys. Based on this scoring, children were divided into three groups—lower
class, middle class, or upper class. Age, sex, and SES were not found to be significantly
associated with IQ. Other confounders including smoking were not addressed. Coexposures such as arsenic and lead were not addressed; however, there is no indication
that lead is a co-exposure in this population and arsenic is not likely a major concern in
this area based on water quality maps.
o Potentially important study-specific confounders: Key confounders age, gender, and
measures of SES were similar between exposure groups; however, arsenic was not
taken into account. Arsenic often occurs in the drinking water along with fluoride in
some Indian populations; however, based on water quality maps, this does not appear
to be an issue in the Nalgonda district of Andhra Pradesh. Iodine deficiencies are not
mentioned.
 Direction/magnitude of effect: The presence of arsenic would potentially bias
away from the null if present with fluoride. Deficiencies in iodine would bias
away from the null if present in areas of high fluoride, but toward the null if
present in areas of non-high fluoride.
o Basis for rating: Probably low risk of bias based on indirect evidence that the key
confounders are considered, co-exposure to arsenic is likely not an issue in this area,
and methods used for collecting the information were valid and reliable.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Results were available for the 1,000 children selected to participate.
o Basis for rating: Definitely low risk of bias based on direct evidence of no attrition.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Children were placed into one of four strata based on the level of fluoride in
drinking water. Collection of water samples was done in the districts. The placement
into strata was based on fluoride levels obtained from documented records of District
Rural Water Works Department. Once the children were assigned to strata, it was
confirmed that the fluoride level of their drinking water was within the strata assigned.
This was done using the methodology followed in National Oral Health Survey and
Fluoride Mapping 2002–2003. During the initial visits to the schools, the children were
interviewed regarding their history of residence and source of drinking water from birth
to 10 years. The first child meeting criteria was given a bottle for water collection and
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the next child was only given a bottle for collection if the water source was different
than that of a previous child. Children were asked to collect the sample of water from
the source that was used in the initial 10 years of their life and was collected the next
day. It was not reported if all bottles were returned. The water samples collected were
subjected to water fluoride analysis using an ion-specific electrode, Orion 720A fluoride
meter at District Water Works, Nalgonda to confirm the fluoride levels in the water
before commencement of clinical examination. LOD and QA/QC details were not
reported.
 Direction/magnitude of effect: There is some potential for exposure
misclassification based on recall of the children on the source of water used in
their first 10 years of life. The misclassification is likely non-differential and not
likely to bias in any specific direction. Children who had changed water since
birth were excluded, but it was not specifically noted that the fluoride in the
water source was stable over the years.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably high risk of bias (NR)
o Summary: The Raven's standard progressive matrices (1992 edition) was used to assess
IQ. Exams were carried out by a single examiner. Calibration of the examiner was done
before the study and in the middle of the study, but it was not clear if this applied to the
IQ evaluation or only to the clinical examination. This Raven’s test is a standard test and
although there is no information provided to indicate that the methods were reliable
and valid in the study population, this test was created to be culturally fair (+ for
methods). Blinding or other methods to reduce potential bias were not reported (NR for
blinding). No response was received to an e-mail request for clarification in September
2017. Overall rating for methods and blinding = NR.
o Basis for rating: Probably high risk of bias based on indirect evidence that the outcome
was not assessed blind and could bias the results.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses were appropriate and no other threats
to internal validity were identified.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk of bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
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Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding and exposure. Study strengths include verification of exposure measurements and
the addressing of potential key confounders, but it was limited by the cross-sectional study
design and lack of information on blinding during outcome assessment.

Till et al. (2020)
Study Details:
•
•
•
•
•

•

Study design: Prospective cohort
Population: MIREC participants (pregnant mothers and their children aged 3–4 years)
Study area: 10 cities, Canada
Sample size: 398 mother−child pairs (247 from non-fluoridated areas, 151 from fluoridated
areas; 200 breastfed as infants, 198 formula-fed as infants)
Data relevant to the review: Adjusted linear regression models evaluating associations between
IQ with water fluoride concentration (with or without adjusting for maternal urine) in formulafed or breast-fed infants or by fluoride intake from formula.
Reported association with fluoride exposure: Yes: Significantly lower performance IQ with
water fluoride (adjusted βs = −9.26 formula-fed, −6.19 breastfed) and fluoride intake from
formula (adjusted β = −8.76); significantly lower full-scale IQ with water fluoride in formula-fed
(adjusted β = −4.40); no significant changes in full-scale IQ for water fluoride in breastfed
children or fluoride intake from formula-fed children; no significant changes in verbal IQ scores
with fluoride exposure.

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: Pregnant women were recruited between 2008 and 2011 by the MIREC
program from 10 cities across Canada. Inclusion and exclusion criteria were provided.
Additional details were stated to be available in Arbuckle et al. (2013). A total of 610
children were recruited to participate in the developmental follow-up with 601 children
completing all testing. The demographic characteristics of women included in the
current analyses (n = 398) were not substantially different from the original MIREC
cohort (N = 1945) or the subset without complete water fluoride and covariate data
(n = 203). A table of characteristics of the study population is provided. Approximately
half of the children lived in nonfluoridated cities and half lived in fluoridated cities.
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposed
groups were similar and were recruited with the same methods during the same time
frame.
Confounding:
o Rating: Probably low risk of bias (+)
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Summary: Covariates were selected a priori that have been associated with fluoride,
breast feeding, and children's intellectual ability. Final covariates included child's sex
and age at testing, maternal education, maternal race, second-hand smoke in the home,
and HOME score. City was considered but was excluded from the models. Confounders
that were not assessed include: parental mental health, iodine deficiency/excess,
parental IQ, and co-exposure to arsenic and lead. Co-exposure to arsenic is less likely an
issue in this Canadian population and the lack of information is not considered to
appreciably bias the results.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on direct evidence that key confounders
were addressed and indirect evidence that the methods used to collect the information
were valid and reliable and co-exposures were not an issue.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Of 610 children, 601 (98.5%) in the MIREC developmental study who were
ages 3–4 years completed the neurodevelopment testing. Of the 601 children who
completed the neurodevelopmental testing, 591 (99%) completed the infant feeding
questionnaire and 398 (67.3%) reported drinking tap water. It was noted that the
demographic characteristics were not substantially different from the original MIREC
cohort or the 203 subjects without complete water fluoride or covariate data.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Information on breastfeeding was obtained via questionnaire at 30–48
months. Fluoride concentration in the drinking water was assessed by daily or monthly
reports provided by water treatment plants. Water reports were first linked with
mothers' postal codes and the daily or weekly amounts were averaged over the first 6
months of each child's life. Additional details can be found in Till et al. (2018). Maternal
urinary exposure was used to assess fetal fluoride exposure. Procedures can be found in
Green et al. (2019).
 Direction/magnitude of effect: There is not any specific direction or magnitude
of bias expected. Urinary fluoride levels are reflective of recent exposure. The
possibility of the exposure misclassification would be similar in all subjects and
would be non-differential. For the fluoride intake from formula, exposure was
based on the fluoride levels in the water at the residence and the proportion of
time that the infant was not exclusively breastfed. This exposure
misclassification would also be non-differential.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o

•

•

•
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Rating: Probably low risk of bias (+)
Summary: Intelligence was tested using the Wechsler Preschool and Primary Scale of
Intelligence III. This is appropriate for both the study population and age group. This is
considered a gold standard test. It was not reported whether the evaluators were blind
to the child's fluoride exposure status during the assessment. Although it is unlikely that
the assessors had knowledge of the specific drinking water levels or maternal urine
levels, there is potential that the outcome assessors had knowledge of the city the child
lived in and if the city was fluoridated or non-fluoridated. Correspondence with the
study authors on the outcome assessment for Green et al. (2019) indicated that it was
unlikely that the testers had knowledge of the city's fluoridation. The same is assumed
here. Specific measurements included were identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods were
reported in sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Regression diagnostics were used to test assumptions for
linearity, normality, and homogeneity. There were two potential influential
observations (based on Cook’s distance), and sensitivity analyses re-estimated
the models without these two variables. Effect modification by breastfeeding
status was evaluated. Interestingly, all regression coefficients were divided by 2
to represent change in IQ per 0.5-mg/L change in fluoride. One concern is posed
by the lack of accounting for city in the regression models, ideally as a random
effect. The authors explored including city as a covariate in the models;
however, city was not included either because it was strongly multi-collinear
with water fluoride concentration (VIF > 20) (model 1, with water fluoride
concentration) or because fluoride intake from formula is a function of water
fluoride concentration (assessed at the city level) and was therefore deemed
redundant (model 2). However, the models use city-level water fluoride
concentrations (and in sensitivity analyses, adjust for maternal urinary fluoride)
which warrant exploration of city as a random effect rather than a fixed effect
(as would be by just having it included as a covariate). Even including individuallevel maternal urinary fluoride might not fully account for lack of city, given that
the subjects were from six different cities, with half of them fully on fluoridated
water. Hence, even individual-level exposures are likely to be correlated at the
city level. Based on a previous analysis (Green et al. 2019), it is unlikely that
o
o

•

•
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exclusion of city from models (as a fixed or random effect) would impact the
effect estimates.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk if bias based on indirect evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding, exposure, and outcome. Study strengths include individual exposure
measurements, prospective cohort design, and the addressing of potential key confounders.

Trivedi et al. (2012)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 12−13 years
Study area: Kachchh, Gujarat, India
Sample size: 84 children
Data relevant to the review: Mean IQ scores and distribution by low and high fluoride villages.
Reported association with fluoride exposure: Yes: Significantly lower IQ score in the high
fluoride (92.53 ± 3.13) compared to the low fluoride (97.17 ± 2.54) areas in boys and girls
combined (as well as separately). Villages with higher fluoride levels had a larger percentage of
subjects with IQ scores of 70–79, while the lower fluoride villages had a greater percentage of IQ
scores > 109.

Risk of Bias:
•

•

Author contacts:
o Authors were contacted in September of 2017 to obtain additional information for riskof-bias evaluation.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: There is insufficient information provided on the sampling methods to
determine if the populations were similar. Although it was noted that samples were
obtained for groundwater quality from March to May of 2011, there is no indication
that the children were selected at the same time or during a similar time frame.
Correspondence with the author indicates that children were selected within a week of
the water collection based on random selection of a school in the village. Study
participants were selected from six different villages of the Mundra region of Gujarat,
India. Subjects were grouped into high and low villages based on the level of fluoride in
the drinking water of those villages. The number of subjects per village were not
reported, but it was noted that there were 50 children in the low fluoride group and 34
children in the high fluoride group. It is not clear if the differences in numbers were
based on different participation rates or if there were fewer children in the high fluoride
villages. Recruitment methods including any exclusion criteria and participation rates
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were not provided. SES was stated to be low and equal based on questionnaire
information, but the results were not provided. It should also be noted that only regular
students (having attendance more than 80%) of standard 6th and 7th grades were
selected, but it was not noted if attendance varied by village. Correspondence with the
study author indicated that there was an average of 20 students per class with an
average of 40 students per village. It appears that keeping the requirement for 80%
attendance was a limiting factor that caused different numbers of children by area;
however, this was applied similarly to both groups.
o Basis for rating: Probably low risk of bias based on indirect evidence that subjects were
similar and recruited using the same methods during the same time frame.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Children were stated to be students of the 6th and 7th standard grades. Age
was not addressed, but the children would all be of similar age based on the grades
included. Results were reported for males and females separately as well as combined.
SES and iodine consumption were stated to be analyzed via a questionnaire and were
standardized on the basis of the 2011 census of India. Although it was noted in the
abstract that the SES was equal (no data provided), the study report did not mention the
iodine results. Although the study authors did not address arsenic or lead, they did
provide physicochemical analyses for the water samples from the six different villages.
Information on arsenic in the water is not provided, but based on water quality maps,
arsenic is not expected to be a major concern in this study area.
o Potentially important study-specific confounders: Key confounders age, gender, and
measures of SES were similar between exposure groups; however, arsenic was not
taken into account. Arsenic often occurs in the drinking water along with fluoride in
some Indian populations; however, based on water quality maps, arsenic does not
appear to be an issue in the study area.
 Direction/magnitude of effect: Presence of arsenic would potentially bias away
from the null if present with fluoride or toward the null if present in the
reference group.
o Basis for rating: Probably low risk of bias based on indirect evidence that the methods
used to collect the information were valid and reliable, that potential co-exposures were
not an issue, and that key confounders were addressed.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Results were provided for 84 children, but the methods do not indicate how
many children were initially selected to participate nor were any exclusion criteria
provided. It was noted in the results that 84 children had their groundwater and urine
tested, but it was not noted if analyses were restricted to these children or if exposures
were assessed in all the children who had IQ measurements. Correspondence with the
study author indicated that the main reason for exclusion was a <80% attendance rate,
with fluoride and IQ measured on all 84 children who met the criteria.
o Basis for rating: Definitely low risk of bias based on direct evidence of no attrition.
Exposure:
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Rating: Probably low risk of bias (+)
Summary: Children in villages were grouped based on fluoride levels that were assessed
in groundwater (low F villages versus high F villages). The average concentration of
these levels was considered to be the levels in the drinking water with confirmation
using urinary fluoride levels. The groundwater samples were selected to cover major
parts of the taluka and represent overall groundwater quality. Ten samples were
obtained from each village. Fluoride was measured in the groundwater using ion
exchange chromatography. Although urine levels were also significantly higher in the
high fluoride village, no information was provided on how or when the urinary samples
were obtained or how they were measured. However, correspondence with the study
author indicated that the groundwater and urine fluoride levels were available for all 84
children indicating that the urine measures were available for the children that had IQ
measures. The urine samples were stated to be collected at the same time that the
second water sample was collected.
 Direction/magnitude of effect: Fluoride levels were measured in both the
drinking water and urine. Although there is some variability in the
measurements, there is no overlap between the two groups and the urine and
drinking water levels in the children support each other. Any potential exposure
misclassification would be non-differential and direction and magnitude are
unknown.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Probably low risk of bias (+)
o Summary: Outcome methods were only noted to be reported in Trivedi et al. (2007),
which was scored as follows: IQ was measured in the children of both areas using a
questionnaire prepared by Professor JH Shah, copyrighted by Akash Manomapan
Kendra, Ahmedabad, India, and standardized on the Gujarati population with 97%
reliability rate in relation to the Stanford-Binet Intelligence Scale (+ for methods).
Blinding or other methods to reduce bias are not reported, but correspondence with the
study author indicated that the teachers were blind to the status of fluoride. The
teachers administered the tests in the presence of a research fellow. It is not completely
clear who scored the tests, but it is assumed the teachers. (+ for blinding). Overall rating
for methods and blinding = +.
o Basis for rating: Probably low risk of bias based on indirect evidence that the outcomes
were blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o
o

•

•

•
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Rating: Probably low risk of bias (+)
Summary:
 Statistical analyses: Statistical analyses were reasonable (paired sample T-test),
but consideration of homogeneity of variance was not reported.
 Other potential concerns: No other threats to internal validity were identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding, exposure, and outcome. Study strengths include individual exposure
measurements and the addressing of potential key confounders but was limited by the crosssectional study design.
o
o

•

Valdez Jimenez et al. (2017)
Study Details:
•
•
•
•
•

•

Study design: Prospective cohort
Population: Infants aged 3–15 months
Study area: Durango City and Lagos de Moreno, Jalisco, Mexico
Sample size: 65 infants
Data relevant to the review: The Bayley Scales of Infant Development II was used to assess
Mental Development Index Scale and the Psychomotor Development Index scale in children 3 to
15 month and evaluated for associations with first and second trimester maternal urine fluoride.
Reported association with fluoride exposure: Yes: 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).

Risk of Bias:
•
•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Subjects were recruited from two endemic areas in Mexico. The study
authors do not provide information on the similarities or differences between the two
areas nor do they indicate if there were different participation rates. However,
recruitment methods were the same. Women receiving prenatal care in health centers
located in Durango City and Lagos de Moreno, Jalisco, Mexico were recruited in 2013–
2014. Participation rates are not likely to be an issue as characteristics were similar
between those who participated and those who did not. Although they did not provide
characteristics by area, the characteristics provided do not indicate any differences that
may be biased by the selection. Considering the age range for the non-participants, the
mean age for non-participants appears to be incorrect (or the age range is incorrect);
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however, there does not appear to be a difference that would potentially indicate
selection bias.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited with the same methods in the same time frame,
with no evidence of differences or issues with participation/response rates.
Confounding:
o Rating: Probably high risk of bias (-)
o Summary: Questionnaires were used to obtain information about sociodemographic
factors, prenatal history, mother’s health status before pregnancy (e.g., use of drugs,
vaccines, diseases) and the type of water for drinking and cooking. The marginalization
index (MI) was obtained from the National Population Council (CONAPO). Two
additional surveys were conducted during the 2nd and 3rd trimester of pregnancy to get
information about the mother’s health, pregnancy evolution, and sources of water
consumption. A survey was also conducted to get information about childbirth (type of
birth, week of birth, weight and length of the baby at birth, Apgar and health conditions
of the baby during the first month of life). This information was corroborated with the
birth certificate. Linear regression models included gestational age, children’s age,
marginality index, and type of drinking water. Bivariate analysis was conducted on the
other factors including child’s gender prior to conducting multivariable regression
models. Some important confounders were not considered, including parental mental
health, IQ, smoking, and potential co-exposures.
o Potentially important study-specific confounders: Arsenic is a potential co-exposure in
this area of Mexico.
 Direction/magnitude of effect: If arsenic were present as a co-exposure it would
bias the results away from the null.
o Basis for rating: Probably high risk of bias based on indirect evidence that there is a
potential for co-exposure with arsenic that was not addressed.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Out of the 90 women selected for inclusion in the study, 65 approved the
participation of their infants. The authors provide a table of characteristics between
women who consented to their children's cognitive evaluation and those that only
participated in biological monitoring. There were no significant differences between the
groups. There were fewer women who provided urine during the second and third
trimesters. All specified children are included in the relevant analyses.
o Basis for rating: Definitely low risk of bias based on direct evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Definitely low risk of bias (++)
o Summary: Fluoride exposure is assessed through morning urine samples and water
fluoride levels collected from the children's homes. Sampling methodology is
appropriately documented, and water levels were quantified through specific
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ion-sensitive electrode assays. QC was described and accuracy was >90%. Urinary
fluoride was corrected by specific gravity.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Definitely low risk of bias based on direct evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: Neurodevelopment was assessed with the Bayley Scales of Infant
Development II (BSDI-II) that was noted to be reliable and valid for evaluating children
from 3 months to 5 years of age. The average age of children assessed was 8 months,
with a range of 3–15 months) (++ for methods). The study report stated that a trained
psychologist who was blinded about the mother’s fluoride exposure evaluated the
infants at home (++ for blinding). Overall rating for methods and blinding = ++.
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Probably low risk of bias (+)
o Summary: All outcomes outlined in the abstract, introduction, and methods were
reported. Table 4 of the study only displays data for trimesters 1 and 2. Although 3rd
trimester data were collected, they were not reported, likely because data were only
available for 29 subjects. No discussion of this was provided.
o Basis for rating: Probably low risk of bias because, although it appears some data were
not reported, it is likely because there were insufficient data and not because the
authors were selectively reporting the results.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses used were appropriate for the study.
 Other potential concerns: No other potential concerns were identified. In the
peer-review report, NASEM (2020) cited the following as potential concerns:
“the large difference in numbers of males and females in the offspring (20
males, 45 females), and apparently incorrect probabilities were reported for age
differences between participants and nonparticipants, high rates of cesarean
deliveries and premature births among participants (degree of overlap not
reported), and incorrect comparisons of observed prematurity rates with
national expected rates.” However, these concerns were taken in consideration
in other domains (Selection, Confounding).

•

•

•

o
•

Basis for rating: Definitely low risk if bias based on direct evidence that the statistical analyses
were appropriate and there were no other potential threats to risk of bias identified.
Basis for classification as lower risk-of-bias study overall: Definitely low risk-of-bias ratings in
exposure and outcome. Study strengths include individual exposure measurements and
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outcome blindly assessed, but it is limited by the cross-sectional study design and lack of
accounting for potential co-exposures to arsenic.

Wang et al. (2012)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 8–13 years (possibly the same population as Xiang et al. (2003a))
Study area: Wamiao and Xinhuai villages located in Sihong County, Jiangsu Providence, China
Sample size: 526 school children
Data relevant to the review: Mean IQ and % low IQ (< 80) by total fluoride intake.
Reported association with fluoride exposure: Yes: Significantly lower mean IQ in the high
fluoride village (92.02 ± 13.00) compared to the control village (100.41 ± 13.21); when high
exposure group was broken into 4 exposure groups, a dose-dependent decrease in IQ and
increase in % with low IQ observed; significant correlation between total fluoride intake and IQ
(r = −0.332); OR for IQ<80 per increase in total fluoride intake=1.106; 95% CI 1.052–1.163).

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: The study appears to be the same population as Xiang et al. (2003a) and
Xiang et al. (2011); however, the study does not cite these studies as providing
additional information and numbers of children differ; therefore, it may be a separate
analysis on the same villages. The years of testing were not provided so it cannot be
determined if study subjects are the same. Two villages, Wamiao and Xinhuai, located
64 km apart in Sihong County, Jiangsu Province were selected for the study. Wamiao is a
village in a region with severe endemic fluorosis and Xinhuai is a village in a nonendemic fluorosis region. Neither village has fluoride pollution from coal or industrial
sources. Villages were stated to be similar in terms of annual per capita income,
transportation, education, medical conditions, the natural environment, and lifestyle. All
primary students ages 8–13 years currently in school in either village were surveyed
with exclusions noted. Of 243 children from Wamiao, 236 (97.12%) were included, and
of 305 children from Xinhuai, 290 (95.08%) were included. No table of subject
characteristics was provided.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited using the same methods within the same time
frame, with direct evidence that there was no difference in participation/response rates.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Logistic regression of low IQ rate and total fluoride intake adjusted for age
and sex. Both villages had hand-pumped well water for drinking water, but the authors
211

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.

•

•

do not mention if arsenic was also present in the drinking water. However, a publication
by Xiang et al. (2013) on this study area indicates that Xinhuai (the low fluoride area)
had significantly higher arsenic levels compared to Wamiao (the endemic fluorosis
area), which would bias toward the null. Areas were stated to be similar in annual per
capita income, transportation, education, medical conditions, the natural environment,
and lifestyle; however, no details were provided. This study did not address other coexposures, but other studies on populations in these villages (Xiang et al. 2011, Xiang et
al. 2003a) indicate that iodine and lead are not concerns.
o Potentially important study-specific confounders: Arsenic often occurs in the drinking
water along with fluoride in some Chinese populations; however, based on information
provided in Xiang et al. (2013), arsenic concentrations were higher in the low fluoride
area compared to the high fluoride area.
 Direction/magnitude of effect: Presence of arsenic in this study population
would potentially bias toward the null.
o Basis for rating: Probably low of risk bias because there is indirect evidence that the key
confounders are take into account, methods used for collecting the information were
valid and reliable, and co-exposures to arsenic and lead and iodine deficiency are not
attributing to the effect observed in this area.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: Data are reported for all 526 children noted to be included in the study.
There is a slight discrepancy in the reported total number of children from the highfluoride village and the number of participants from the high-fluoride village between
this paper (236 participated of 243 total children) and the 2003 and 2011 publications
on the same study population (222 of 238). This discrepancy is not explained but is not
expected to appreciably bias the results.
o Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+); Probably high risk of bias (-)
o Summary: Water fluoride (+ probably low risk of bias): Exposure was based on drinking
water levels and fluoride intake. Residents in the Wamiao village were divided into five
groups based on fluoride levels in the drinking water. Clean, dry polyethylene bottles
were used to collect 50 mL of drinking water from each student’s household and
fluoride content was measured.
Total fluoride intake (- probably high risk of bias): Six families from each of the five
Wamiao groups were randomly selected as dietary survey households. Intakes of
various foods by each person at each meal and intakes of unboiled water, boiled water,
and tea were surveyed for four consecutive days. Methods for food collection were
described. Five representative households from each village were selected based on
geographic location, population distribution, housing structure, and other conditions.
Indoor air samples were collected once daily for five consecutive days; outdoor air was
sampled at two points once daily for five days. Methods for determining fluoride
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content in samples were noted to follow specific guidelines. Calculation of total fluoride
intake was stated to follow Appendix A of the People's Republic of China Health Industry
Standard with some details provided. Although it is assumed the method is valid, it was
not detailed how each fluoride determination was made for each subject, and it appears
that total fluoride intake was determined based on data from select subjects and not all
subjects.
 Direction/magnitude of effect: There is potential for exposure misclassification
based on calculating fluoride intake based on measurements from a few select
subjects rather than all subjects. The direction and magnitude of effect cannot
be assessed based on the information provided.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
The intake is probably high risk of bias because there is indirect evidence that the
exposure was assessed using methods of unknown validity.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: IQ of each child was measured with the Combined Raven’s Test for Rural
China (CRT-RC) (++ for methods). The test was stated to be administered to the children
independently in a school classroom under the supervision of three exam proctors.
Testing methods, testing language, and testing conditions were all in strict accordance
with the CRT-RC guidebook. Major testing personnel received necessary training by the
Psychology Department of East China Normal University. The children undergoing IQ
testing and the test scorers were kept double-blinded throughout the testing process.
(++ for blinding). Overall rating= ++.
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Although it was noted that a logistic regression was used to
determine the odds of having low IQ with increasing fluoride intake, no details
were provided on any of the other tests conducted. Because this is the same
population evaluated in Xiang et al. (2003a) and Xiang et al. (2011), it is
assumed that the same methods were used even if this study population
consisted of different children.
 Other potential concerns: None identified.
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Basis for rating: Probably low risk if bias based on indirect evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements with blinding at outcome assessment but is limited by the cross-sectional study
design and not using individual measurements to calculate fluoride intake. All key confounders
were accounted for in the study design or analysis, but there is potential for the presence of
arsenic to bias toward the null.
o

•

Wang et al. (2020a)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: School children aged 7–13 years
Study area: Tongxu County, China
Sample size: 325 school children
Data relevant to the review: Associations between ADHD and other measures of learning
disability with urine fluoride concentrations.
Reported association with fluoride exposure: Yes: Significant correlation between
psychosomatic problems and urinary fluoride (adjusted β = 4.01 [95% CI: 2.74, 5.28]) and
increased risk of a T-score > 70 with increasing urinary fluoride (adjusted OR = 1.97 [95% CI:
1.19, 3.27]). No significant associations with ADHD or other measures of learning disability.

Risk of Bias:
•

•

Author contacts:
o Authors were contacted in July of 2020 to obtain additional information for risk-of-bias
evaluation. No response was received.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Subjects were recruited in 2017 from Tongxu County, China. Children were
selected from four randomly selected primary schools in the area. Selection was based
on specified inclusion rules. It was noted that the living habits and diets of the
participants from the four schools were well matched, but details were not provided.
The area did not have industrial pollution within 1 km of the living environment of the
children, and it was noted that the children were not exposed to other
neurodevelopmental toxicants (lead, cadmium, arsenic, or mercury). A table of subject
characteristics was provided in the study, but not by school or exposure. This is a pilot
study, and it is not explicitly stated if all eligible subjects participated in the study. There
is no information on participation rates or if they varied by school.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposed
groups were recruited using similar methods during the same time frame and that any
differences between the exposed groups were considered in the statistical analyses.
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Confounding:
o Rating: Probably low risk of bias (+)
o Summary: It was noted that subjects were well matched in terms of living habits and
diets, but there were no specifics provided. It was noted that there was no industrial
exposure or exposure to other neurotoxins such as lead, cadmium, arsenic, or mercury.
Covariates were collected using a standardized and structured questionnaire completed
by the children and their guardians under the direction of investigators, but reliability or
validity of the questionnaire was not reported. Information collected included age,
gender, weight, height, parental education level, and parental migration (or work as
migrant workers). IQ scores evaluated by the Combined Raven's Test-the Rural in China
were used to represent basic cognitive function. Models were adjusted for age, BMI,
gender, mother and father migration, and urinary creatinine. Adjustments were not
made for parental education, race/ethnicity, maternal demographics (e.g., maternal
age, BMI), parental behavioral and mental health disorders (e.g., ADHD, depression),
smoking (e.g., maternal smoking status, secondhand tobacco smoke exposure),
reproductive factors (e.g., parity), iodine deficiency/excess, maternal (and paternal) IQ,
quantity and quality of caregiving environment (e.g., HOME score), or SES other than
parental migration. There is no evidence to suggest that SES would differ substantially
among the four rural schools in the same area of China that were randomly selected.
o Potentially important study-specific confounders: SES.
 Direction/magnitude of effect: Direction and magnitude is unknown. It was
noted that the subjects were matched in terms of living habits and diet and this
could be an indication that SES was not different among the groups, but details
were not provided.
o Basis for rating: Probably low risk of bias because there is indirect evidence that the key
confounders are considered, that the methods for collecting the information were valid
and reliable, and that co-exposure to arsenic is not an issue in this area.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Data are complete. It was noted that there were 325 subjects included and
results were available on all subjects.
o Basis for rating: Definitely low risk of bias based on direct evidence that there was no
attrition.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Spot urine samples were collected from each child in the early morning into
cleaned polyethylene tubes. Fluoride concentrations were measured using fluoride ionselective electrode (with reference to Ma et al. (2017); however, that reference cites
Zhou et al. (2012). Therefore, no QC methods or LODs were available. Fluoride
concentrations were creatinine-adjusted.
 Direction/magnitude of effect: Spot urine samples only account for recent
exposure. Although this could cause there to be some exposure
misclassification, the number of subjects should help dilute any issues with the
non-differential misclassification.
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Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using acceptable methods that provide individual levels of
exposure.
Outcome:
o Rating: Probably high risk of bias (NR)
o Summary: Children’s behavior was assessed by the Chinese version of the Conners’
Parent Rating Scale-Revised (CPRS-48). The homogeneity reliability of Cronbach α in the
Chinese version of CPRS-48 was 0.932; the correlation of Spearman-brown split-half was
0.900; and the retest reliability of total score was 0.594. Raw scores for each subscale
are converted into sex- and age-adjusted T-scores within a mean ± standard deviation
(SD) of 50 ± 10. The guardians independently completed the CPRS-48 according to the
instruction manual under the direction of trained investigators (++ for methods).
Blinding is not reported. Although it is unlikely that the outcome assessors were aware
of the fluoride levels in the urine, it is unclear if subjects were selected based on areas
with endemic fluoride or if parents were aware of fluoride concentrations in the areas.
(NR for blinding). Overall rating for methods and blinding = NR.
o Basis for rating: Probably high risk of bias based on no information provided to indicate
that the outcome was blindly assessed.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes in the abstract, introduction, and methods are reported in
sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Multiple linear regression models were used to assess the
fluoride association with each behavioral outcome. Logistic regression was used
to assess the risk of behavioral problems due to fluoride exposure, but what
they used to delineate a behavioral problem was not specified. Sensitivity
analyses were performed.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that the statistical
analyses were appropriate and no other potential threats to risk of bias were identified.
Basis for classification as lower risk-of-bias study overall: Probably low risk-of-bias ratings in
confounding and exposure. Study strengths include individual exposure measurements, but it is
limited by the cross-sectional study design and lack of details on blinding of the outcome
assessment. All key confounders were considered in the study design or analysis.
o

•

•

•

•

Wang et al. (2020b)
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Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: School children aged 7–13 years
Study area: Tianjin City, China (possibly a subset of the children from Yu et al. (2018))
Sample size: 571 school children
Data relevant to the review: IQ scores by urine and water fluoride levels.
Reported association with fluoride exposure: Yes: Significant correlations between IQ score and
water fluoride (adjusted β = −1.587 per 1-mg/L increase) and urinary fluoride (adjusted
β = −1.214 per 1-mg/L increase).

Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: Subjects were from a cross-sectional study conducted in 2015, but no citation
was provided on this cohort (presumably the Yu et al. (2018) cohort). It was noted that
the subjects in that cohort were from districts with historically high or normal fluoride
levels. Subjects for this study were selected by using a stratified and multistage random
sampling approach. Brief description was provided. The study area consisted of three
historically high fluoride areas and four nonendemic areas. A flow diagram was provided
for inclusion and exclusion, but this detail was given for all children and not by area.
Therefore, it cannot be determined if the participation differed by area. However, there
was a 93% recruitment rate, and the 13 excluded due to missing data are not likely
excluded due to exposure. Detailed characteristics of the study population are provided.
Exclusion criteria included: "children who had congenital or acquired diseases affecting
intelligence, or a history of cerebral trauma and neurological disorders, or those with a
positive screening test history (like hepatitis B virus infection, Treponema palladium
infection and Down's syndrome) and adverse exposures (smoking and drinking) during
maternal pregnancy, prior diagnosis of thyroid disease, and children who had had
missing values of significant factors (2.2%) were also excluded.”
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposed
groups were recruited using similar methods during the same time frame and that any
differences between the exposed groups were accounted for in the statistical analyses.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Study authors noted that the study areas are not exposed to other
neurotoxins such as lead, arsenic, or mercury nor were they iodine-deficient. Final
models included child’s age, child’s gender, child’s BMI, maternal and paternal
education, household income, and low birth weight. Other potential confounders that
were considered is unclear as they only noted that the confounders were selected based
on current literature. Reasons for exclusion included history of disease affecting
intelligence, history of trauma or neurological disorders, positive screening test history,
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or exposures such as smoking or drinking during pregnancy. Information was obtained
by questionnaire or measurements. Variables such as parental BMI, behavioral and
mental health disorders, IQ, and quantity and quality of the caregiving environment
were not addressed.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias because there is direct evidence that the key
confounders are taken into account, indirect evidence that the methods for collecting
the information were valid and reliable, and co-exposure to arsenic is not an issue in this
area.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: A detailed chart of the recruitment process is presented. The study had a 93%
recruitment rate and only 2.2% of subjects with missing data for certain covariates were
excluded.
o Basis for rating: Definitely low risk of bias based on direct evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Children provided spot urine samples, presumably at the time of
examination. Water samples were randomly collected from public water supplies in
each village. Fluoride concentrations were analyzed using fluoride ion-selective
electrode according to the national standardized method in China. There is no indication
if the urine samples accounted for dilution.
 Direction/magnitude of effect: Not accounting for dilution could cause there to
be some exposure misclassification. The direction and magnitude would depend
on where the differences occurred.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using acceptable methods that provide individual levels of
exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: Assessments of IQ scores were conducted by graduate students at the School
of Public Health, Tongji Medical College at the Huazhong University of Science and
Technology. Each team member was assigned a single task, meaning that only one
person would have conducted the IQ tests. A Combined Raven's Test for Rural China was
used. Therefore, the test was appropriate for the study population (++ for method). It
was note that the examiner was trained and blind to the exposure (++ for blinding).
Overall = ++
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
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Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes in the abstract, introduction, and methods are reported in
sufficient details.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses were appropriate and no other threats
to internal validity were identified. Logistic and multivariate regression models
accounting for potential confounders were used. Results are presented as betas
or odds ratios and 95% confidence intervals. Regression diagnostics were
conducted for all models, including examination of multicollinearity,
heteroscedasticity, and influential observations. Mediation and interaction
analyses were appropriate. The stratified and multistage random sampling
approach for subject selection and the fact that selected villages are similar in
population and general demographic characteristics helps to ensure that there
was no need to account for village-level effects even when the analysis used
water samples from the village.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk of bias based on direct evidence that the statistical
analyses were appropriate and no other potential threats to risk of bias were identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements but is limited by the cross-sectional study design and lack of accounting for urine
dilution. All key confounders were considered in the study design or analysis.

Xiang et al. (2003a)
Study Details:
•
•
•
•
•

•

Study design: Cross-sectional
Population: Children aged 8–13 years
Study area: Wamiao and Xinhuai villages located in Sihong County, Jiangsu Providence, China
Sample size: 512 school children
Data relevant to the review: Comparison of IQ (mean and distribution) between Wamiao
County (a severe endemic fluorosis area) and Xinhuai County (non-endemic fluorosis area);
additional breakdown of the Wamiao area into 5 water fluoride exposure groups.
Reported association with fluoride exposure: Yes: Significant dose-related effect of drinking
water fluoride on IQ score based on quintile levels with significantly lower IQ scores observed
with water fluoride levels of 1.53 mg/L or higher. Pearson correlation coefficient of −0.164 with
urinary fluoride. IQ scores for children in the non-endemic region (100.41 ± 13.21) were
219

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.
significantly higher than the endemic region (92.02 ± 13.00). The lower-bound confidence limit
benchmark concentration (BMCL) of 1.85 mg/L was calculated.
Risk of Bias:
•
•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: Two villages, Wamiao and Xinhuai, located 64 km apart in Sihong County,
Jiangsu Province were selected for this study, which was conducted between September
and December 2002. Wamiao is located in a severe fluorosis endemic area, and Xinhuai
is located in a non-endemic fluorosis area. Neither village has fluoride pollution from
burning coal or other industrial sources. All eligible children in each village were
included; children who had been absent from either village for 2 years or longer or who
had a history of brain disease or head injury were excluded. In Wamiao, 93% of the
children (222 out of 238) were included for the study, while in Xinhuai, 95% were
included (290 out of 305). The children in Wamiao were divided into five subgroups
according to the level of fluoride in their drinking water: <1.0 mg/L (group A), 1.0–1.9
mg/L (group B), 2.0–2.9 mg/L (group C), 3.0–3.9 mg/L (group D), and >3.9 mg/L (group
E). Children in Xinhuai (0.18–0.76 mg F/L in the drinking water) served as a control group
(group F). Demographic characteristics are not presented, and statistical analyses are
not adjusted, but mean IQ scores are stratified by child’s age, child’s gender, family
income, and parental education.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited using the same methods within the same time
frame, with direct evidence that there was no difference in participation/response rates.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Although information was stated to be collected on personal characteristics,
medical history, education levels of the children and parents, family SES, and lifestyle,
only child’s gender, child’s age, family income, and parental education were addressed.
Other potential co-exposures, such as arsenic, were not addressed. A separate
publication in 2003 [(Xiang et al. 2003b), letter to the editor], indicated that blood lead
levels were not significantly different between the two areas. Although arsenic was not
addressed specifically in this publication, Xiang et al. (2013) measured both fluoride and
arsenic in the Wamiao and Xinhuai areas. Xinhuai (the low fluoride area) had
significantly higher arsenic levels compared to Wamiao (the endemic fluorosis area).
This is likely to bias toward the null; however, the study observed a significantly lower
IQ score in the endemic fluorosis area. Iodine was tested in a subset of the children and
found not to be significantly different between the two groups.
o Potentially important study-specific confounders: Arsenic often occurs in the drinking
water along with fluoride in some Chinese populations; however, based on information
provided in Xiang et al. (2013), arsenic concentrations were higher in the low fluoride
area compared to the high fluoride area.
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Direction/magnitude of effect: Presence of arsenic in this study population
would potentially bias towards the null.
o Basis for rating: Probably low risk of bias because there is indirect evidence that the key
confounders are taken into account, methods used for collecting the information were
valid and reliable, and co-exposures to arsenic and lead and iodine deficiency are not
attributing to the effect observed in this area.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Data are complete. IQ results were reported for all 512 children included in
the study (222 in the endemic area and 290 in the nonendemic area).
o Basis for rating: Definitely low risk of bias based on direct evidence that there was no
attrition.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Exposure was based on drinking water and urinary levels of fluoride. The two
study areas were selected to reflect a severe endemic area and a nonendemic area.
Drinking water was collected from wells and early-morning spot urine samples were
collected from a randomly-selected subsample of children. Both water and urine
samples were measured using fluoride ion-selective electrode, but no quality control
was discussed. Both absolute and creatinine-adjusted urine results were reported.
 Direction/magnitude of effect: There is potential for exposure misclassification
because only current levels were assessed. Migration of subjects in or out of
the area was not assessed, but the study authors noted that, if the children had
been absent from the village for 2 or more years, they were excluded.
Misclassification would likely be non-differential, which could bias the results in
either direction.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: The IQ of each child was measured with the Combined Raven’s Test for Rural
China (CRT-RC) (++ for methods). The test was stated to be administered to the children
independently in a school classroom, in a double-blind manner, under the supervision of
an examiner and two assistants, and in accordance with the directions of the CRT-RC
manual regarding test administration conditions, instructions to be given, and test
environment. (++ for blinding). Overall rating= ++
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.


•

•

•

•
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Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Probably low risk of bias (+)
o Summary:
 Statistical analyses: Data were stated to be analyzed using SAS without
reporting the tests conducted. Results provided in the tables indicate that a ttest was conducted, but it was not reported that homogeneity of variance was
tested or confirmed. In addition, correlations were tested with Pearson's
correlation.
 A potential concern raised by the NASEM (2020) peer review was the lack of
accounting for relationships in exposure between persons from the same
village. However, only two villages were included, and the analyses consisted of
village-level comparisons; hence, accounting for clustering was not possible.
Without controlling for village effects and given the large differences in fluoride
concentrations and IQ between villages, the apparent dose-response
relationship could be due to a village effect in addition to a fluoride effect.
However, the dose-response relationship is still present within the “exposed”
village, diminishing the concern for a village-only effect.
 Other potential concerns: None identified.
o Basis for rating: Probably low risk of bias based on indirect evidence that statistical
analyses were appropriate and that there were no other threats to risk of bias.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements and outcomes blindly assessed but is limited by the cross-sectional study design
and lack of accounting for urine dilution. All key confounders were considered in the study
design or analysis, but there is potential for the presence of arsenic to bias toward the null.
o

•

•

Xiang et al. (2011)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 8–13 years (same population as Xiang et al. (2003a) )
Study area: Wamiao and Xinhuai villages located in Sihong County, Jiangsu Providence, China
Sample size: 512 school children
Data relevant to the review: Mean IQ scores and odds ratio for having an IQ < 80 presented by
serum fluoride quartiles.
Reported association with fluoride exposure: Yes: Significant trend on association between
quartiles of serum 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: 1.42, 3.47]; and 2.48 [95% CI: 1.85, 3.32]);
significant effects at ≥ 0.05 ppm fluoride.

Risk of Bias:
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•
•

•

•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Probably low risk of bias (+)
o Summary: The study population is the same as that was used in the Xiang et al. (2003a)
study, but a few more measurements were available and different analyses were
conducted. The comparison population is considered the same as previously based on
the study populations being recruited from similar populations, using similar methods,
during the same time frame. Demographic characteristics were not provided.
o Basis for rating: Probably low risk of bias based on indirect evidence that the exposure
groups were similar and were recruited using the same methods within the same time
frame, with direct evidence that there was no difference in participation/response rates.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: As was noted in the 2003 publication, information was collected on personal
characteristics, medical history, education levels in the children and parents, family SES,
and lifestyle. In the logistic regression model, age and gender were adjusted in the
analysis. In the previous report, no significant associations were observed between
groups for family income and parents’ education. Urinary iodine and blood lead levels
were also stated to be measured and were noted not to be significantly different
between the groups. Although the iodine levels were reported in the previous
publication, the lead levels were not reported nor were the methods. Lead information
is reported in a letter to the editor (Xiang et al. (2003b)) and was not significantly
different between the areas. Although arsenic was not addressed specifically in this
publication, Xiang et al. (2013) measured both fluoride and arsenic in the Wamiao and
Xinhuai areas. Xinhuai (the low fluoride area) had significantly higher arsenic levels
compared to Wamiao (the endemic fluorosis area). This is likely to bias toward the null;
however, the study observed a significantly lower IQ score in the endemic fluorosis area
and with increasing serum fluoride.
o Potentially important study-specific confounders: Arsenic often occurs in the drinking
water along with fluoride in some Chinese populations; however, based on information
provided in Xiang et al. (2013), arsenic concentrations were higher in the low fluoride
area compared to the high fluoride area.
 Direction/magnitude of effect: Presence of arsenic in this study population
would potentially bias toward the null.
o Basis for rating: Probably low of risk bias because there is indirect evidence that the key
confounders are taken into account, methods used for collecting the information were
valid and reliable, and co-exposures to arsenic and lead and iodine deficiency are not
attributing to the effects observed in this area.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Data are reported for all 512 children noted to be included in the study.
o Basis for rating: Definitely low risk of bias based on direct evidence that there was no
attrition.
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•

•

•

•

Exposure:
o Rating: Probably low risk of bias (+)
o Summary: Fluoride levels were measured in serum with a fluoride ion-selective
electrode. A fasting venous blood sample was used. No details are provided on
validation (including correlation with drinking water levels) or QA. Children who did not
reside in their village for at least 2 years were excluded. Results were provided in
quartiles, but they combined the lower two quartiles with results ranging from <0.05
mg/L to >0.08 mg/L.
 Direction/magnitude of effect: Serum fluoride may not be the best estimate for
exposure. There is potential for exposure misclassification because only current
levels were assessed. Migration of subjects in or out of the area was not
assessed, but the study authors noted that, if the children had been absent from
the village for 2 or more years, they were excluded. Misclassification would
likely be non-differential, which could bias results in either direction.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: IQ was assessed as part of the 2003 evaluation. IQ was measured with the
Combined Raven's Test for Rural China which is appropriate for this population (++ for
methods). Although this study does not provide details, the original study article from
2003 provides specific details. The study authors indicate in the 2003 publication that
the tests were conducted in a double-blind manner and these are the same results and
population (++ for methods). Overall rating=++
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses conducted were appropriate for the
study. Chi square tests were used to compare categorical variables, and logistic
regression was used to evaluate the association between serum fluoride levels
and risk of low IQ. A potential concern raised by the NASEM (2020) peer review
was the lack of accounting for relationships in exposure between persons from
the same village. However, only two villages were included, and the analyses
consisted of village-level comparisons; hence, accounting for clustering was not
possible. Without controlling for village effects and given the large differences in
224

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.

•

fluoride concentrations and IQ between villages, the apparent dose-response
relationship could be due to a village effect in addition than a fluoride effect.
However, the dose-response relationship is still present within the “exposed”
village, diminishing the concern for a village-only effect.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements with blinding at outcome assessment but is limited by the cross-sectional study
design and use of serum concentrations. All key confounders were considered in the study
design or analysis, but there is potential for the presence of arsenic to bias toward the null.

Yu et al. (2018)
Study Details:
•
•
•
•
•

•

Study design: Cross-sectional
Population: Children aged 7–13 years
Study area: Tianjin City, China
Sample size: 2,886 school children
Data relevant to the review: IQ for normal (≤ 1 mg/L) versus high (> 1 mg/L) water fluoride;
betas for IQ score by water and urine fluoride groupings; ORs by IQ category using water and
urine fluoride levels.
Reported association with fluoride exposure: Yes: Significant difference (p = 0.036) in mean IQ
scores in high (106.4 ± 12.3) versus normal (107.4 ± 13.0) water fluoride areas. Distribution of IQ
scores was also significantly different (p = 0.003); every 0.5-mg/L increase in water fluoride
(between 3.40 and 3.90 mg/L) was associated with an IQ score 4.29 points lower (95% CI: −8.09,
−0.48).

Risk of Bias:
•

•

Author contacts:
o Authors were contacted in September 2018 to obtain additional information for the
risk-of-bias evaluation.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: School children (2,886), aged 7–13 years, were recruited from the rural areas
of Tianjin City, China. After exclusion, 1,636 children were assigned to the "normalfluoride" exposure group and 1,250 were assigned to the "high-fluoride" exposure
group based on a cut-off water fluoride level of 1.0 mg/L. A multi-stage random
sampling technique, stratified by area, was performed to select representative samples
among local children who were permanent residents since birth. Detailed characteristics
of the study population are provided. Exclusion criteria included: 1) children who had
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•

congenital or acquired diseases affecting intelligence, 2) children with a history of
cerebral trauma and neurological disorders, 3) children with a positive screening test
history (like hepatitis B virus infection, Treponema palladium infection and Down's
syndrome), and 4) children with adverse exposures (smoking and drinking) during
maternal pregnancy. A table of characteristics was provided by fluoride level with
differences adjusted in the analysis.
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposed
groups were recruited using similar methods during the same time frame and that any
differences between the exposed groups were considered in the statistical analyses.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Demographic data were collected by trained investigators during a face-toface interview with the recruited children and their parents. Questionnaires were not
stated to be validated. The developmental status of the children was further assessed by
calculation of BMI, and all measurements were conducted by nurses based on
recommended standard methods. Variables that presented differential distribution
between the normal-fluoride and high-fluoride exposure groups were adjusted in the
linear regression analysis of IQ data and included age, sex, paternal and maternal
education levels, and low birth weight. Children exposed to smoking in utero were
excluded from the study. Sensitivity analyses were conducted by modifying covariates
adjusted in multivariable models among demographics (age and sex); development
(BMI); socioeconomics (maternal education, paternal education, and household
income); history of maternal disease during pregnancy (gestational diabetes,
malnutrition, and anemia); and delivery conditions (hypoxia, dystocia, premature birth,
post-term birth, and low birth weight). None of the study sites selected were in areas
endemic for iodine deficiency disorders nor were other potential neurotoxins like lead,
arsenic, and mercury present. Variables such as parental BMI and behavioral and mental
health disorders were not addressed.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on indirect evidence that methods of
obtaining the information were valid and reliable and direct evidence that all key
confounders and co-exposures were addressed.
Attrition:
o Rating: Probably low risk of bias (+)
o Summary: There were 1,636 children assigned to the "normal-fluoride" exposure group
based on water fluoride, and 1,250 children were assigned to the "high-fluoride"
exposure group. Exclusion from the original group of 2,886 children was adequately
described. A total of 2,380 children provided urine samples. There is no indication that
the data presented excludes any additional children or urine samples, but results do not
indicate a sample size for all results.
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Basis for rating: Probably low risk of bias based on indirect evidence that exclusion of
subjects from analyses was adequately addressed, and reasons were documented when
subjects were removed from the study or excluded from analyses.
Exposure:
o Rating: Probably low risk of bias (+)
o Summary: According to the annual surveillance data from the CDC, the drinking water
sources and water fluoride concentrations in each village had remained at stable levels
over the past decade. During the investigation, water samples were collected randomly
from the public water supplies in each village. Spot (early-morning) urine samples from
every child and water samples from each village were collected in pre-cleaned, labeled
polythene tubes and transported to the lab within 24 hours while frozen. Samples were
stored at −80°C until analysis. Concentrations of fluoride ions (mg/L) were analyzed
using the national standardized ion-selective electrode method in China; the detection
limit was 0.01 mg/L. Samples were diluted with an equal volume of total ionic strength
adjusted buffer (TISAB) of pH 5–5.5 for optimal analysis. Double-distilled deionized
water was used throughout the experiment. There is no reporting of any QC methods.
 Direction/magnitude of effect: Spot urine samples may lead to non-differential
exposure misclassification. The large population size likely dilutes any potential
effects of occasional misclassification. Because the drinking water sources of
fluoride had been noted to be stable for the past decade and the children were
13 years or younger, there would only be exposure misclassification if there was
a lot of migration between areas.
o Basis for rating: Probably low risk of bias based on indirect evidence that exposure was
consistently assessed using well-established methods that directly measured exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: IQ scores were measured using the second edition of Combined Raven's TestThe Rural in China (CRT-RC2) for children aged 7–13 years (++ for methods). The test
was completed by each participant within 40 minutes according to the instruction
manual. For each test, 40 children were randomly allocated to one classroom to take
the test independently under the supervision of four trained professionals. There is no
mention of whether the evaluators were blinded to the fluoride group of each child
(normal vs. high fluoride) or whether there were steps taken to ensure consistency in
scoring across the evaluators. It is also not clear if the 40 children randomly assigned to
the classroom were specific to the village or if a local center was used. Correspondence
with the study authors indicated that the four professionals worked together
throughout the examination without knowledge of the child's fluoride exposure (++ for
blinding).
o Basis for rating: Definitely low risk of bias based on the direct evidence that the
outcome was blindly assessed using instruments that were valid and reliable.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All outcomes outlined in the abstract, introduction, and methods are
reported in sufficient detail.
o

•

•

•
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Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical analyses used were appropriate for the study.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements with blinding at outcome assessment but is limited by the cross-sectional study
design and lack of accounting for urine dilution. All key confounders including potential coexposures were considered in the study design or analysis.
o

•

•

Zhang et al. (2015b)
Study Details:
•
•
•
•
•
•

Study design: Cross-sectional
Population: Children aged 10–12 years
Study area: Tianjin City, China
Sample size: 180 children
Data relevant to the review: IQ by control and high fluoride groups; IQ correlations with water,
serum, or urinary fluoride levels; betas for IQ with urinary fluoride levels (by genotypes)
Reported association with fluoride exposure: Yes: 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 mg/L; 102.33 ± 13.46) compared with control area (<1 mg/L; 109.42 ±
13.30).

Risk of Bias:
•
•

Author contacts:
o Authors were not contacted for additional information because it was not necessary.
Population selection:
o Rating: Definitely low risk of bias (++)
o Summary: Subjects were similar and recruited during the same time frame using the
same methods. Authors recruited schoolchildren from a high fluoride area (1.40 mg/L)
and a control area (0.63 mg/L) in Tianjin City, China. In accordance with the principles of
matching social and natural factors such as educational standard, economic situation,
geological environments as much as possible, two areas with different fluoride
concentrations in the groundwater were selected by a stratified cluster random
sampling of this region. A total of 180 5th grade children aged 10 to 12 years from two
primary schools located 18 km apart in the Jinnan District were recruited—Gegu Second
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Primary School (from an endemic fluorosis area) and Shuanggang Experimental Primary
School (from a non-endemic fluorosis area). The areas are not affected by other drinking
water contaminants, such as arsenic or iodine. All subjects were unrelated ethnic Han
Chinese and residents in Tianjin with similar physical and mental health status. The
authors excluded subjects with known neurological conditions including pervasive
developmental disorders and epilepsy. Descriptive statistics of the study population are
presented by exposure group in Table 1 of the study. A number of potential differences
are taken into account in the statistical analyses.
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposure
groups were similar and recruited using similar methods during the same time frame.
Confounding:
o Rating: Probably low risk of bias (+)
o Summary: Covariates included in the statistical models were child’s age, child’s gender,
educational levels of parents, drinking water fluoride (mg/L), and levels of thyroid
hormones (T3, T4, and TSH). Authors report that the study areas are not affected by
other contaminants such as arsenic or iodine and residents were of similar physical and
mental health status. Other important confounders (maternal demographics, smoking,
reproductive health) were not considered. Covariate data were obtained from a study
questionnaire.
o Potentially important study-specific confounders: All key confounders were considered
in this study.
 Direction/magnitude of effect: Not applicable.
o Basis for rating: Probably low risk of bias based on indirect evidence that the methods
used to collect the information were valid and reliable and direct evidence that key
confounders including potential co-exposures were addressed.
Attrition:
o Rating: Definitely low risk of bias (++)
o Summary: Results are complete for the 180 children selected for the study.
o Basis for rating: Definitely low risk of bias based on direct evidence that there was no
attrition.
Exposure:
o Rating: Definitely low risk of bias (++)
o Summary: Drinking water samples (10 mL) were collected from the tube wells of each
child’s household. Three fasting venous blood samples were also collected. Urine
samples were collected in the early morning before breakfast. Fluoride contents in
drinking water (W-F), serum (S-F), and urine (U-F) were measured using an ion analyzer
EA940 with a fluoride ion-selective electrode (Shanghai constant magnetic electronic
technology Co, Ltd, China) according to the China standard GB 7484-87. All reference
solutions for the fluoride determinations were double-deionized water. Parallel samples
were set for determination and averages were taken. The quantitation limits of this
method for W-F, S-F, and U-F were 0.2, 0.012, and 0.5 mg/L, respectively. Recovery
rates for this method were in the range of 94.3%–106.4%. The intra- and inter-assay
coefficients of variation for fluoride were 2.7% and 6.7%, respectively. Dilution of the
urinary fluoride was not addressed.
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 Direction/magnitude of effect: Not applicable.
o Basis for rating: Definitely low risk of bias based on direct evidence that the exposure
was consistently assessed using well-established methods that directly measured
exposure.
Outcome:
o Rating: Definitely low risk of bias (++)
o Summary: A Combined Raven’s Test for Rural China (CRT-RC) was taken to evaluate the
IQ of each child (++ for methods). The study report stated that all tests were
administered at school by a trained examiner who was masked to participants’ drinking
water fluoride levels (++ for blinding). Overall rating for methods and blinding=++.
o Basis for rating: Definitely low risk of bias based on direct evidence that the outcome
was blindly assessed using instruments that were valid and reliable in the study
population.
Selective Reporting:
o Rating: Definitely low risk of bias (++)
o Summary: All results outlined in the abstract, introduction, and methods sections were
reported in sufficient detail.
o Basis for rating: Definitely low risk of bias based on direct evidence that all measured
outcomes were reported.
Other potential threats:
o Rating: Definitely low risk of bias (++)
o Summary:
 Statistical analyses: Statistical methods are very well-documented including
testing for normality of the data.
 Other potential concerns: None identified.
o Basis for rating: Definitely low risk if bias based on direct evidence that the statistical
analyses were appropriate and there were no other potential threats to risk of bias
identified.
Basis for classification as lower risk-of-bias study overall: Definitely or probably low risk-of-bias
ratings in confounding, exposure, and outcome. Study strengths include individual exposure
measurements, outcomes blindly assessed, and assessment of potential key confounders
including potential co-exposures.
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Appendix 5. Results of Fluoride Meta-analyses
What is the strength of the relationship between exposure to fluoride and children’s IQ?

Aim 1. To update existing meta-analyses with additional studies
Approach

The approach used to perform a meta-analysis of the associations between exposure to fluoride and
children’s IQ levels was outlined in the associated protocol (https://ntp.niehs.nih.gov/go/785076).
Details are presented below.
The mean-effect meta-analysis included studies that reported effect estimates as mean outcome
measures and included measures of uncertainty such as standard deviation (SD), standard error (SE),
95% CI, and number of subjects (N) for at least one exposed and one reference exposure group. If
results from multiple exposure groups were reported within a single study, the highest exposure group
was considered the “exposed” group and the lowest exposure group was considered the “reference”
group. A sensitivity analysis was performed to evaluate the impact of using any exposed group
compared to the reference group (Figure A-25). This was accomplished by combining the information
from the exposure groups using the approach outlined in the Cochrane Handbook for Systematic
Reviews (Higgins et al. 2019).
When results were not reported for gender-specific groups or age-specific subgroups (<10, ≥10), they
were calculated (if possible) by combining groups, following the approach outlined in the Cochrane
Handbook for Systematic Reviews (Higgins et al. 2019). Similarly, when only mean effects, Ns, and pvalues for differences between groups are reported (Lin et al. 1991), SDs were calculated using the SE
and t-statistic (assuming equal variances) (Higgins et al. 2019).
The meta-analysis pooled the standardized mean difference and corresponding 95% CI using a randomeffects model. Heterogeneity was assessed by Cochran’s Q test (Cochran 1954) and the I2 statistic.
Forest plots were used to display results and to examine possible heterogeneity between studies.
Potential publication bias was assessed by developing funnel plots and performing Egger regression on
the estimates of effect size (Begg and Mazumdar 1994, Egger et al. 2008, Egger et al. 1997). If
publication bias was believed to be present, trim-and-fill methods (Duval and Tweedie 2000a, b) were
used to estimate the number of missing studies affected by publication bias, assess the effect of those
studies on the effect estimate, and predict the impact of the hypothetical “missing” studies. To
investigate sources of heterogeneity, subgroup analyses were performed by risk-of-bias evaluation,
gender, age group, country, type of intelligence assessment, and type of exposure.
There were 46 studies included in the mean-effect meta-analysis (see Table A5-1). Table A-2 presents
information on the studies excluded from the analysis because of missing information on the number of
subjects and/or the mean or variance of the outcome. Other studies were excluded because of
overlapping study populations. For studies with overlapping populations (i.e., multiple studies that use
the same cohort), results were selected with the most information considering the following factors:
exposure metric, exposure range, exposure period, number of subjects, and statistical adjustment for
potential confounders. Other studies were excluded from the mean-effect meta-analysis because they
reported individual-level effects.
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Summary Results

Table A5-1. Pooled SMDs and 95% CIs for Children’s IQ Score and Exposures to
Fluoride
Analysis
Overall Effect

Number of Studies
SMD (95% CI)
46
−0.50 (−0.61, −0.39)
Subgroup Analyses

Heterogeneity
p-value
I2
<0.001
89%

Risk of Bias
Lower
Higher

9
37

−0.31 (−0.52, −0.10)
−0.56 (−0.68, −0.43)

<0.001
<0.001

87%
88%

Males
Females

12
11

−0.78 (−0.99, −0.56)
−0.65 (−0.85, −0.45)

<0.001
0.001

75%
66%

<10 years1
≥ 10 years

10
11

−0.55 (−0.79, −0.30)
−0.58 (−0.78, −0.38)

<0.001
<0.001

83%
76%

China
India
Iran

31
9
4

−0.44 (−0.54, −0.33)
−1.02 (−1.54, −0.51)
−0.68 (−0.99, −0.38)

<0.001
<0.001
0.077

86%
93%
56%

23
23
10
13

−0.36 (−0.47, −0.26)
−0.67 (−0.87, −0.47)
-0.76 (−1.10, −0.43)
−0.62 (−0.88, −0.35)

<0.001
<0.001
<0.001
<0.001

81%
90%
91%
90%

−0.45 (−0.57, −0.34)
−0.99 (−1.57, −0.41)
−0.47 (−0.67, −0.27)
Sensitivity Analysis
46
−0.46 (−0.58, −0.35)
Previous Meta-analyses
26
−0.52 (−0.62, −0.42)
27
−0.45 (−0.56, −0.34)

<0.001
<0.001
<0.001

85%
96%
85%

<0.001

92%

<0.001
<0.001

69%
80%

Gender1

Age Group

Country

Assessment Type
CRT-RC tests
Non-CRT-RC tests
Raven’s tests
Other tests
Exposure Type
Water fluoride
Dental fluorosis
Other exposures2
Any exposure vs. reference

Notes:

Duan et al. (2018)
Choi et al. (2012)

28
7
11

CI = confidence interval; CRC-RC = Combined Raven’s Test–The Rural edition in China; SMD = standardized weighted mean
difference
1An et al. (1992) includes 10-year-old children in the <10 age group (7−10 years reported).
2Includes iodine (Ren et al. 1989 [translated in Ren et al. 2008], Lin et al. 1991, Wang et al. 2001); arsenic (Zhang et al. 1998,
Wang et al. 2007); aluminum (Sun et al. 1991); and non-drinking water fluoride (i.e., fluoride from coal burning (Guo et al. 1991
[translated in Guo et al. 2008a], Li et al. 1994 [translated in Li et al. 2008b], Li et al. 1995, Wang et al. 1996 [translated in Wang
et al. 2008b], Wang et al. 2005, Li et al. 2009, Bai et al. 2014)).
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Overall Effect (Main Analysis)

For the group-level exposure meta-analysis, a comparison on the mean outcome measure (IQ score) was
conducted across two exposure groups (“exposed” and “reference”). The random-effects pooled SMD
estimated from the 46 studies included in the meta-analysis was −0.50 (95% CI: −0.61, −0.39). There was
evidence of heterogeneity (I2 = 89%, p < 0.001; Table A5-1 and Figure A5-1) and publication bias (funnel
plot and Egger’s test p < 0.001, Begg’s test p = 0.08; Figure A5-2 and Figure A5-3). Eliminating
publication bias through trim-and-fill analysis continued to support the finding that exposure to fluoride
is associated with lower IQ in children, with an adjusted pooled effect estimate of −0.42 (95% CI: −0.54,
−0.30) (Figure A5-4 and Figure A5-5).
Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017) studies were excluded from the main
analysis due to uncertainties about the way IQ assessments for children were performed in those
studies. A sensitivity analysis was conducted that included these studies (Figure A-35).

Subgroup Analyses
Risk of Bias
Subgroup analysis by risk-of-bias evaluation showed that exposure to fluoride is associated with lower
IQ scores in children for both higher and lower risk-of-bias studies (Figure A5-6), with a more severe
effect for the higher risk-of-bias studies. The funnel plots and Egger’s and Begg’s tests of publication bias
showed evidence of publication bias only among higher risk-of-bias studies (Figure A-1, Figure A-2).
Eliminating publication bias through trim-and-fill analysis continued to support that exposure to fluoride
is associated with lower IQ scores in children, with an adjusted pooled effect estimate of −0.35 (95% CI:
−0.50, −0.21) (Figure A-4). There was no evidence of publication bias among lower risk-of-bias studies.
Gender
Subgroup analysis by gender showed that exposure to fluoride is associated with lower IQ scores in both
males and females (Figure A5-11). There was a slight suggestion of publication bias in the Egger’s test
for males, but not females (Figure A-5 and Figure A-6). Eliminating publication bias through trim-and-fill
analysis continued to support that exposure to fluoride is associated with lower IQ scores in males, with
an adjusted pooled SMD estimate of −0.68 (95% CI: −0.90, −0.46) (Figure A-8).
Age Group
Subgroup analysis by age group showed that exposure to fluoride is associated with lower IQ scores in
children regardless of age group (<10 years or ≥10 years) (Figure A5-12). The funnel plots and Egger’s
and Begg’s tests of publication bias showed evidence of publication bias in children younger than 10
years old (Figure A-9 and Figure A-10). Eliminating publication bias through trim-and-fill analysis for
studies in children younger than 10 years old continued to support that exposure to fluoride is
associated with lower IQ in children, with an adjusted pooled effect estimate of −0.55 (95% CI: −0.79,
−0.30) (Figure A-10). There was no suggestion of publication bias in the subgroup analyses for children
10 years old and older.
Country
Subgroup analysis by country showed that exposure to fluoride is associated with lower IQ scores in
children in China, India, and Iran (Figure A5-13), with the largest effect in India. A funnel plot with the
SEs of the SMD plotted against the SMD from each study showed slight evidence of publication bias in
India (Figure A-11). In addition, Egger’s and Begg’s tests of publication bias revealed evidence of
publication bias for studies in India (p < 0.001, Figure A-12). Eliminating publication bias through trimand-fill analysis for studies in India continued to support that exposure to fluoride is associated with
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lower IQ in children, with an adjusted pooled effect estimate of −1.49 (95% CI: −2.15, −0.83) (Figure A13). There was no suggestion of publication bias in the subgroup analyses for China or Iran.
Assessment Type
Subgroup analysis by assessment type showed that exposure to fluoride is associated with lower IQ
scores in children tested using non-CRT-RC tests than using CRT-RC tests (Figure A5-14). The funnel plots
and Egger’s and Begg’s tests of publication bias showed evidence of publication bias only among nonCRT-RC and Raven’s tests (Figure A-15 and Figure A-16). Eliminating publication bias through trim-andfill analysis for studies with Raven’s tests continued to support that exposure to fluoride is associated
with lower IQ scores in children, with an adjusted pooled SMD estimate of −1.22 (95% CI: −1.68, −0.75)
(Figure A-19 and Figure A-20). There was no suggestion of publication bias in the subgroup analysis for
studies using CRT-RC or other types of tests.
Exposure Type
Subgroup analysis by exposure type showed that exposure to fluoride is associated with lower IQ scores
in children in studies that reported mean effects by fluoride exposure type (Figure A5-15). The funnel
plots and Egger’s test of publication bias showed evidence of publication bias for water fluoride and
dental fluorosis (Figure A-21 and Figure A-22). Eliminating publication bias through trim-and-fill analysis
continued to support that exposure to fluoride in water is associated with lower IQ scores in children,
with an adjusted pooled SMD estimate of −0.42 (95% CI: −0.53, −0.30) (Figure A-23 and Figure A-24).
There was no suggestion of publication bias in the subgroup analysis for studies with other exposures or
non-drinking water fluoride exposures.
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Overall Analysis

Figure A5-1. Association Between Fluoride Exposure and IQ Scores in Children: Overall Analysis
SMDs for individual studies are shown with solid boxes representing the weight, and the random-effects pooled SMD is shown
as a solid diamond. Horizontal lines represent 95% CIs for the study-specific SMDs.
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Figure A5-2. Funnel Plot of Included Studies
This funnel plot shows individual studies included in the analysis according to random-effect standardized weighted mean
difference (SMD) estimates (x-axis) and the standard error (SE) of each study-specific SMD (y-axis). The solid vertical line
indicates the pooled SMD estimate for all studies combined and the dashed lines indicated pseudo 95% confidence limits
around the pooled SMD estimate.

Figure A5-3. Test for Publication Bias
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Figure A5-4. Trim-and-fill Analysis
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator (the linear estimator to the
right showed no change in pooled SMD); right panel shows random-effects pooled SMD after filling in to the left using a linear
estimator (the run estimator to the left showed no change in pooled SMD).

Figure A5-5. Filled-in Funnel Plots to Eliminate Publication Bias
Left panel shows the funnel plot filled in to the right using a run estimator (the linear estimator to the right showed no change
in pooled SMD); right panel shows the funnel plot filled in to the left using a linear estimator (the run estimator to the left
showed no change in pooled SMD).
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Risk-of-bias Subgroup Analysis

Figure A5-6. Association Between Fluoride Exposure and IQ Scores in Children: Effect by Risk of Bias
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Figure A5-7. Funnel Plot by Risk-of-bias Evaluation

Figure A5-8. Test for Publication Bias by Risk of Bias
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Figure A5-9. Trim-and-fill Analysis for Higher Risk-of-bias Studies
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator (the linear estimator to the
right showed no change in the pooled SMD); right panel shows random-effects pooled SMD after filling in to the left using a
linear estimator (the run estimator to the left showed no change in the pooled SMD).

Figure A5-10. Filled-in Funnel Plots to Eliminate Publication Bias for Higher Risk-of-bias Studies
Left panel shows funnel plot filled in to the right using a run estimator (the linear estimator to the right showed no change in
the pooled SMD); right panel shows the funnel plot filled in to the left using a linear estimator (the run estimator to the left
showed no change in the pooled SMD).
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Gender Subgroup Analysis

Figure A5-11. Association Between Fluoride Exposure and IQ Scores in Children: Effect by Gender
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Age Group Subgroup Analysis

Figure A5-12. Association Between Fluoride Exposure and IQ Scores in Children: Effect by Age Group
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Country Subgroup Analysis

Figure A5-13. Association Between Fluoride Exposure and IQ Scores in Children: Effect by Country
243

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.
Assessment Type Subgroup Analysis

Figure A5-14. Association Between Fluoride Exposure and IQ Scores in Children: Effect by Assessment Type
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Exposure Type Subgroup Analysis

Figure A5-15. Association Between Fluoride Exposure and IQ Scores in Children: Effect by Exposure Type
Exposure types include water, dental fluorosis, and other exposures (iodine, arsenic, aluminum, and fluoride from coal
burning).
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Aim 2. To conduct new meta-analyses using individual-level exposure data
Approach

The individual-effect meta-analysis included studies that reported effect estimates as betas and included
95% CIs or SEs (see Table B-1). Adjusted effect estimates were used in the meta-analysis. If results from
multiple models were reported within a single study, the most adjusted results were selected. The study
outcomes were evaluated with respect to a 1-mg/L unit increase in exposure. To ensure consistent units
across studies, units of exposure were transformed to mg/L as needed. For Bashash et al. (2017), Yu et
al. (2018), and Till et al. (2020), units of exposure were transformed to levels ranging from 0.5 to 1 mg/L.
For Cui et al. (2018), units of exposure were transformed from 1 log mg/L to 1 mg/L. Cui et al. (2018)
reported an association between IQ and log-transformed exposure. A sensitivity analysis was performed
to evaluate the impact of using Cui et al. (2018), since the relationship between IQ and exposure
evaluated in this study was not linear (as in the other studies included). Yu et al. (2018) reported
estimates from piecewise linear regression models, with three estimated ranges for urinary fluoride
exposure (low 0.01−1.60 mg/L, medium 1.60−2.50 mg/L, and high 2.50−5.54 mg/L) and two estimated
ranges for water fluoride exposure (low 0.20−3.40 mg/L and high 3.40–3.90 mg/L). Because these
piecewise effect estimates are likely correlated, study-specific pooled effect estimates were used for
urinary and water fluoride exposures for the overall effect meta-analysis. A sensitivity analysis was
performed to evaluate the impact of using the pooled estimate rather than the piecewise estimates
from Yu et al. (2018).
Yu et al. (2018) and Wang et al. (2020b) used the same study cohort of children recruited in 2015 from
the rural areas of Tianjin City, China. Only results from Yu et al. (2018) were included in the metaanalysis since Wang et al. (2020b) used a subset (n = 571) of the original study population from Yu et al.
(2018) (n = 2,668). A sensitivity analysis was conducted to evaluate the impact of using the effect
estimate from Wang et al. (2020b) rather than the pooled effect estimate from Yu et al. (2018).
Green et al. (2019) and Till et al. (2020) used the same cohort of 398 mother-child dyads in the
Maternal-Infant Research on Environmental Chemicals (MIREC) cohort that reported drinking tap water
in 10 Canadian cities. Both studies reported effect estimates for maternal urinary fluoride (MUF) and
water fluoride concentrations. In the Green et al. (2019) study, 512 mother-child pairs had MUF data
(and all covariates) compared to 398 pairs in Till et al. (2020). Water fluoride levels were available for
420 pairs in Green et al. (2019) compared to 398 pairs in Till et al. (2020). Both references reported
effect estimates adjusted for maternal education, maternal race, child’s sex, HOME total score, and
secondhand smoking status in the child’s residence. In addition, Till et al. (2020) adjusted for child’s age
at IQ testing. The age range for study subjects was 3–4 years old. For the main analysis, results from
Green et al. (2019) were included. A sensitivity analysis was conducted using the water fluoride result
for formula-fed children and the MUF result from Till et al. (2020) since these are most adjusted
compared to Green et al. (2019). For fluoride intakes, estimates from both studies were used including
total fluoride intake from Green et al. (2019) and infant formula intake from Till et al. (2020).
In the overall effect analysis, for studies reporting multiple measures of fluoride exposure, results
associated with measured or estimated individual-level exposures, biomarker levels (such as urinary
fluoride), or fluoride intake were prioritized over results associated with water fluoride concentrations.
Subgroup analyses were performed that considered all exposure types. All studies used in these
analyses with individual-level effects were lower risk of bias.
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The overall effect based on studies with individual-level measures of exposure showed that a 1-unit
increase in fluoride exposure was associated with a significantly lower IQ score (beta = −1.40; 95% CI:
−2.33, −0.47) (Table A5-2). A 1-mg/day increase in fluoride intake resulted in significantly lower IQ score
(beta = −3.31; 95% CI: −6.12, −0.50). A 1-mg/L increase in water fluoride also resulted in significantly
lower IQ score (beta = −4.77; 95% CI: −9.10, −0.45). The results for fluoride intake and water fluoride,
however, are based on two studies and should be interpreted with caution.
There was evidence of moderate heterogeneity (I2 = 46%, p = 0.101; Table A5-2, Figure A5-16, and
Figure A5-17) in studies with individual-level urinary exposure levels. Eliminating publication bias
through trim-and-fill analysis continued to support that 1-mg/L increases in individual-level urinary or
water fluoride were associated with lower IQ scores, with an adjusted pooled effect estimate of −0.82
(95% CI: −1.81, 0.17) (Figure A5-19).
A sensitivity analysis to evaluate the impact of using the piecewise estimates from Yu et al. (2018)
revealed no significant change in the pooled effect estimate (−1.37; 95% CI: −2.38, −0.37) (Figure B-1). A
sensitivity analysis to evaluate using estimates from Wang et al. (2020b) rather than Yu et al. (2018)
study also revealed no significant change in the pooled effect estimate (−1.24; 95% CI: −1.94, −0.54)
(Figure B-6). A sensitivity analysis using the water fluoride result for formula-fed children and the MUF
result from Till et al. (2020) (rather than Green et al. (2019)) suggested no significant change in the
overall pooled effect estimate (−1.50; 95% CI: −2.44, −0.57) (Figure B-11).

Summary Results

Table A5-2. Pooled Effect Estimates and 95% CIs for Children’s IQ Scores and
Individual-level Exposures to Fluoride
Analysis

Number of Studies
Beta (95% CI)
Overall Effect
6
−1.40 (−2.33, −0.47)
6
−1.36 (−2.28, −0.45)
6
−1.33 (−2.25, −0.42)
Subgroup Analyses

Full-scale IQ
Verbal IQ
Performance IQ

Heterogeneity
p-value
I2
0.101
0.110
0.117

46%
44%
43%

Gender
Males
Females

2
3

−2.23 (−5.45, 0.99)
−1.64 (−4.80, 1.51)

0.092
0.045

65%
68%

Canada
China
Mexico

1
4
1

−1.95 (−5.18, 1.29)
−0.84 (−1.39, −0.30)
−5.00 (−8.53, −1.47)

NA
0.342
NA

10%

4
2

−0.84 (−1.39, −0.30)
−3.39 (−6.37, −0.41)

0.342
0.212

10%
36%

6
2
2

−1.40 (−2.33, −0.47)
−3.31 (−6.12, −0.50)
−4.77 (−9.09, −0.45)

0.101
0.746
0.707

46%
0%
0%

Country

Assessment Type
CRT-RC tests
Non-CRT-RC tests
Exposure Type
Urinary fluoride
Intake
Water fluoride

Notes:

CI = confidence interval; NA = not applicable
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Overall Analysis

Figure A5-16. Association Between Individual-level Fluoride Exposure and IQ Scores in Children: Overall Analysis
Estimates (betas) for individual studies are shown with solid boxes representing the weight, and the pooled estimate is shown
as a solid diamond. Horizontal lines represent 95% Cis for the study-specific betas.

Figure A5-17. Funnel Plot of Included Studies with Individual-level Exposures
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Figure A5-18. Test for Publication Bias for Studies with Individual-level Exposures

Figure A5-19. Trim-and-fill Analysis for Studies with Individual-level Exposures
Left panel shows the random-effects pooled effect estimate after filling in to the right using a liner estimator; right panel shows
random-effects pooled effect estimate after filling in to the right using a run estimator. Filling in to the left using a linear or a
run estimator showed no change in the pooled slope.

Figure A5-20. Filled-in Funnel Plots to Eliminate Publication Bias for Studies with Individual-level Exposures
Left panel shows funnel plot filled in to the right using a linear estimator; right panel shows the funnel plot filled in to the right
using a run estimator. Filling in to the left using a linear or a run estimator showed no change in the pooled effect estimate.
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Exposure Type Subgroup Analysis

Figure A5-21. Association Between Individual-level Fluoride Exposure and IQ Scores in Children: Effect by
Exposure Type

Figure A5-22. Funnel Plot of Included Studies
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Note: The analysis for publication bias for studies with fluoride in urine is identical to the overall analyses. The analyses for
publication bias for studies with fluoride in water or fluoride intake rely on two studies each and are not shown.

Country Subgroup Analysis

Figure A5-23. Association Between Individual-level Fluoride Exposure and IQ Scores in Children: Effect by
Country
Note: The analyses for publication bias for studies from China, Canada, and Mexico rely on a very small number of studies each
and are not shown.

Assessment Type Subgroup Analysis

Figure A5-24. Association Between Individual-level Fluoride Exposure and IQ Scores in Children: Effect by
Assessment Type
Note: The analyses for publication bias for CRT-RC studies and non-CRT-RC studies include only four and two studies,
respectively, and are not shown.
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Gender Subgroup Analysis

Figure A5-25. Association Between Individual-level Fluoride Exposure and IQ Scores in Children: Effect by Gender
Note: The analysis for publication bias by gender relies on two or three studies each and are not shown.
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Dose-response meta-analyses using mean-effect estimates
Approach

For the dose-response meta-analysis using the mean-effect estimates, a one-step approach developed
in the protocol (https://ntp.niehs.nih.gov/go/785076) and Crippa et al. (2018) was used. The approach
uses linear mixed models to analyze all available data, including studies with one nonreference group.
For each study, the median or mean fluoride intake for each exposure group was assigned to its
corresponding effect estimate. If median or mean intakes by exposure group were not provided, the
midpoint of the upper and lower boundaries in every category was assigned as the average intake. If the
upper boundary for the highest exposure group was not reported, the boundary was assumed to have
the same amplitude as the nearest category. For each study, the SMDs and corresponding SEs are used
to compare the differences in mean IQ between the exposed and reference groups. The corresponding
SMD for the reference group is set to zero for this analysis. The SMDs and corresponding variances are
used to estimate a pooled dose-response curve using a restricted maximum likelihood estimation
method. To examine a potential nonlinear relationship between exposure to fluoride and children’s IQ
levels, quadratic terms and restricted cubic splines were created, and a potential departure from a linear
trend was assessed by testing the coefficient of the quadratic term and a second spline equal to zero.
Models were compared and best model fit was determined based on the Akaike information criterion
(AIC) (Müller et al. 2013).
A dose-response meta-analysis using the effect estimates reported in studies with individual-level
exposure was considered. However, because of the small number of studies (n = 10), the various types
of exposure metrics, and the different types of reported effect estimates that could not be combined, a
dose-response meta-analysis of these studies could not be conducted.

Summary Results

Characteristics of the studies that compared mean IQ scores among groups of children with different
levels of fluoride exposure are shown in Table A-1.
The meta-analysis combining data from 31 studies with fluoride levels in drinking water showed a
significantly lower children’s IQ score with increasing exposure (Table A5-3 A5-3). Based on the AIC, the
best model fit was achieved when restricted cubic splines with three knots were added to the linear
model. However, given the small difference in AICs between the different models, and for ease of
interpretability, the linear model results were chosen for the purposes of discussion although results
from all models are presented in Table A5-3. Based on the linear model, the decrease in mean SMD
between exposed and reference groups was −0.14 (95% CI: −0.19, −0.08) (Table A5-3). When the
analysis was restricted to studies with the “high” group exposed to < 1.5 mg/L fluoride in drinking water
(n = 9; 2 lower risk-of-bias studies and 7 higher risk-of-bias studies), the mean SMD became positive and
nonsignificant (0.32; 95% CI: −0.57, 1.20). However, when including groups exposed to < 2 mg/L fluoride
in drinking water, the mean SMD in children’s IQ scores was both negative and statistically significant
(SMD = −0.27; 95% CI: −0.36, −0.17) (n = 9; 2 lower risk-of-bias studies and 7 higher risk-of-bias studies).
The meta-analysis combining data from 9 studies with fluoride levels in urine showed a significantly
lower children’s IQ with increasing exposure (SMD = −0.18; 95% CI: −0.31, −0.05) (Table A5-3). Based on
AIC, the best model fit was the linear model (Table A5-3). There was no improvement in the fit of the
model when a quadratic term or restricted cubic splines were added to the linear model (Table A5-3).
When the analyses were restricted to studies with the “high” group with < 1.5 mg/L fluoride in urine (n =
4; 2 lower risk-of-bias studies and 2 higher risk-of-bias studies), the direction of the effect did not
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change, but it was no longer statistically significant (SMD = −0.13; 95% CI: −0.29, 0.03). When the doseresponse meta-analysis was extended to include exposed groups with < 2 mg/L urinary fluoride (n = 6; 3
lower risk-of-bias studies and 3 higher risk-of-bias studies), the mean SMD remained negative and not
statistically significant (−0.25; 95% CI: −0.71, 0.22).

Dose-Response Meta-analysis Using Mean Effects—Model Selection

Table A5-3. Model Comparison for Dose-response Meta-analysis for Children’s IQ Scores (SMDs) and
Exposures to Fluoride: Parameter Estimates and Model Fit1
No. of Studies/
Analysis
No. of Observations
Water Fluoride

Linear Model2

All data

31/49

−0.14 (−0.19, −0.08)
113.6

<1.5 mg/L

9/12

0.32 (−0.57, 1.20)
26.1

<2 mg/L

9/17

−0.27 (−0.36, −0.17)
44.6

<4 mg/L

24/38

−0.17 (−0.25, −0.09)
81.7

Quadratic Model3

Restricted Cubic
Splines Model4

−0.23 (−0.32, −0.14)
0.02 (0.01, 0.03)
110
1.97 (−0.98, 4.92)
−1.26 (−3.23, 0.71)
28.8
0.64 (−1.04, 2.32)
−0.40 (−1.09, 0.29)
31.6
−0.28 (−0.64, 0.08)
0.03 (−0.10, 0.16)
79.5

−0.24 (−0.40, −0.08)
0.38 (−0.06, 0.81)
101.7
0.81 (−0.37, 1.99)
−19.37 (−42.19, 3.44)
22.4
0.23 (−0.71, 1.17)
−4.63 (−12.47, 3.21)
27.6
−0.26 (−0.48, −0.03)
0.36 (−1.06. 1.79)
73.9

−0.17 (−0.46, 0.12)
−0.004 (−0.05, 0.04)
71.6
−0.63 (−1.28, 0.01)
0.31 (−0.06, 0.68)
4.7
−0.25 (−0.71, 0.22)
0.07 (−0.13, 0.27)
5.8

−0.12 (−0.31, 0.07)
−0.11 (−0.35, 0.13))
68.7
−0.30 (−0.55, −0.04)
5.09 (−1.00, 11.18)
−0.9
−0.13 (−0.34, 0.09)
0.25 (−0.87, 1.37)
2.9

Urinary Fluoride
All data

9/22

<1.5 mg/L

4/7

<2 mg/L

6/11

Notes:

−0.18 (−0.31, −0.05)
61.1
−0.13 (−0.29, 0.03)
−0.3
−0.09 (−0.22, 0.03)
−2.3

AIC = Akaike information criterion; SMD = standardized mean difference
1Parameter estimates are changes in SMDs (beta [95% CI]); model fit is represented by the AIC.
2The estimates represent change in SMD for the linear model and AIC, respectively.
3The estimates represent change in SMD for the linear term, change in SMD for quadratic term, and AIC, respectively.
4The estimates represent change in SMD for the first spline term, change in SMD for the second spline term, and AIC,
respectively.
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Attachment A. Subgroup and Sensitivity Analyses (Aim 1)
Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Intelligence
Assessment

Overall
RoB Rating

Ren et al. (1989)
[translated in Ren et al.
2008]

China

8–14

No fluoride measurement
High fluoride and low iodine village/low
iodine village

Not specified

Wechsler
Intelligence Scale for
Children

Higher

Gender; iodine

Chen et al. (1991)
[translated in Chen et al.
2008]w

China

7–14

Drinking water
Endemic fluorosis village/nonendemic
village

0.89 mg/L (nonendemic);
4.55 mg/L (endemic)

Chinese
Standardized Raven
Test

Higher

Age; gender

Guo et al. (1991)
[translated in Guo et al.
2008a]

China

7–13

Serum
Coal burning-related fluoride endemic
area/control area using wood

0.1044 ± 0.0652 mg/L (control);
0.1483 ± 0.0473 mg/L (endemic)

Chinese Binet
Intelligence Test

Higher

Age; gender; SES

Lin et al. (1991) w*

China

7–14

Drinking water
High fluoride and low iodine village/low
iodine village/control area with iodine
supplementation

Higher

SES

Sun et al. (1991)

China

6.5–12

An et al. (1992)w

China

7–16

Drinking water
High fluoride/nonhigh fluoride area

Li et al. (1994) [translated
in Li et al. 2008b]

China

12–13

Grain (cooked by burning high-fluoride
coal)
High fluoride group III (dental fluorosis
present)/high fluoride group II (dental
fluorosis present)/high fluoride group I (no
dental fluorosis)/control group (no dental
fluorosis)

Reference1

Assessment
(Metric, Exposure Groups)

No fluoride measurement
Endemic (aluminum-fluoride endemic
toxicosis)/nonendemic

Range

0.34 mg/L (low iodine village);
Combined Raven’s
0.88 mg/L (high fluoride, low iodine Test for Rural China
village)

Confounders
Considered

Fluorosis: 98.36% (endemic)

Japan’s Shigeo
Kobayashi’s 50-point
scoring method

Higher

Age

0.6−1.0 mg/L (nonhigh);
2.1−7.6 mg/L (high)

Wechsler
Intelligence Scale for
Children-Revised

Higher

Age; race; SES

Proofing test

Higher

Age; gender; SES

0.5 mg/kg (reference);
4.7 mg/kg (group I);
5.2 mg/kg (group II);
31.6 mg/kg (group III)
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Xu et al. (1994)w*

China

8–14

Drinking water
Low- and high-fluoride and iodine
regions/control region

0.8 mg/L (reference);
Binet-Simon Scale
0.8 mg/L (low iodine);
0.5 mg/L (low ﬂuoride, low iodine);
0.38 mg/L (low ﬂuoride);
0.5 mg/L (low ﬂuoride, high iodine);
2.0 mg/L (high ﬂuoride, low iodine);
1.8 mg/L (high ﬂuoride);
3.9 mg/L (high ﬂuoride, high
iodine);

Higher

–

Li et al. (1995)u

China

8–13

Urine
Dental fluorosis index (DFI)
Fluorosis area due to soot from coal
burning/nonfluorosis area

1.02 mg/L; DFI: <0.4 (nonfluorosis China Rui Wen Scaler
area);
for Rural Areas
1.81 mg/L; DFI: 0.8 (slight fluorosis
area);
2.01 mg/L; DFI: 2.5 (medium
fluorosis area);
2.69 mg/L; DFI: 3.2 (severe fluorosis
area)

Higher

Gender

Wang et al. (1996)
[translated in Wang et al.
2008b]w

China

4–7

Drinking water (well)
High fluoride region/low fluoride region

0.58−1.0 mg/L (low);
>1.0−8.6 mg/L (high)

Wechsler Preschool
and Primary Scale of
Intelligence

Higher

Age; gender

Yao et al. (1996)w

China

8–12

Drinking water
Endemic fluorosis area/nonendemic area

1 mg/L (nonendemic);
2 mg/L (slightly endemic);
11 mg/L (severely endemic)

Raven Test –
Associative Atlas

Higher

Iodine; SES

Zhao et al. (1996)w

China

7–14

Drinking water
High fluoride village (Sima)/low fluoride
village (Xinghua)

0.91 mg/L (low)
4.12 mg/L (high)

China Rui Wen Scaler
for Rural Areas

Higher

Age; SES

Yao (1997)w*

China

7–12

Drinking water
Fluorosis area without water
improvements/fluorosis area with water
improvements/nonfluorosis area

0.4 mg/L (nonfluorosis area);
0.33 mg/L (fluorosis area with
water improvement);
2 mg/L (fluorosis area without
water improvement)

Raven’s Standard
Progressive Matrices
(China’s Rural
Version)

Higher

Iodine; SES

Reference1

Assessment
(Metric, Exposure Groups)

Range

Intelligence
Assessment

Overall
RoB Rating

Confounders
Considered

256

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.
Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Zhang et al. (1998)w*

China

4–10

Drinking water
High fluoride and high arsenic group/high
fluoride group/reference

Lu et al. (2000)w,u

China

10–12

Urine, drinking water
High fluoride area/low fluoride area

Hong et al. (2001)
[translated in Hong et al.
2008]w*

China

8–14

Drinking water
High fluoride and iodine regions/reference

Wang et al. (2001)w

China

8–12

Drinking water
Investigative point (high fluoride)/control
point (low fluoride)

Li et al. (2003) [translated
in Li et al. 2008c]

China

6–13

No fluoride measurement
Endemic fluorosis areas/reference

Reference1

Assessment
(Metric, Exposure Groups)

Range
0.58 mg/L (reference);
0.8 mg/L (high fluoride, high
arsenic);
0.8 mg/L (high fluoride)
0.37 ± 0.04 mg/L drinking water
(low);
1.43 ± 0.64 mg/L urine (low);
3.15 ± 0.61 mg/L drinking water
(high);
4.99 ± 2.57 mg/L urine (high)

Intelligence
Assessment

Overall
RoB Rating

Shigeo Kobayashi 50pt. test

Higher

Age; arsenic

Chinese Combined
Raven Test-C2

Higher

SES

Higher

Iodine; SES;
demographics

0.75 mg/L (reference);
Chinese
2.90 mg/L (high fluoride);
Standardized Raven
2.85 mg/L (high fluoride, high
Test
iodine);
2.94 mg/L (high fluoride, low
iodine);
0.48 mg/L (low fluoride, low iodine)

Confounders
Considered

0.5 mg/L (low);
2.97 mg/L (high)

Combined Raven’s
Test for Rural China

Higher

–

Not specified

Chinese
Standardized Raven
Test

Higher

–
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Xiang et al. (2003a)w*

China

8–13

Drinking water
Endemic fluorosis areas/nonendemic
fluorosis area

Wang et al. (2005)

China

8–12

Drinking water
High fluoride group/reference

Seraj et al. (2006)w

Iran

7–11

Drinking water
High fluoride area/low fluoride area

Wang et al. (2006)w

China

8–12

Drinking water
Area severely affected by
fluorosis/reference

Fan et al. (2007)w

China

7–14

Trivedi et al. (2007)w

India

Wang et al. (2007)w

China

Reference1

Assessment
(Metric, Exposure Groups)

Range

Intelligence
Assessment

0.36 ± 0.15 mg/L (reference);
Combined Raven’s
0.75 ± 0.14 mg/L (endemic fluorosis Test for Rural China
area group A);
1.53 ± 0.27 mg/L (endemic fluorosis
area group B);
2.46 ± 0.3 mg/L (endemic fluorosis
area group C);
3.28 ± 0.25 mg/L (endemic fluorosis
area group D);
4.16 ± 0.22 mg/L (endemic fluorosis
area group E);
2.47 ± 0.79 mg/L (high fluoride)

Overall
RoB Rating

Confounders
Considered

Lower

Age; gender; iodine;
lead; SES

Chinese Combined
Raven Test-C2

Higher

SES

Raven Test

Higher

Gender

0.73 ± 0.28 mg/L (reference);
5.54 ± 3.88 mg/L (high)

Combined Raven’s
Test for Rural China

Higher

–

Drinking water
High fluoride area/low fluoride area

1.03 mg/L (low);
3.15 mg/L (high)

Chinese Combined
Raven Test-C2

Higher

–

12–13

Drinking water
High fluoride area/low fluoride area

2.01 ± 0.009 mg/L (low);
5.55 ± 0.41 mg/L (high)

questionnaire
prepared by
Professor JH Shah

Higher

Age; gender

8–12

Drinking water
High fluoride area/reference

Combined Raven’s
Test for Rural China

Higher

Age; gender; arsenic;
SES

0.48 mg/L (reference);
8.31 mg/L (high)
0.4 ppm (low);
2.5 ppm (high area)

0.5 ± 0.2 mg/L (reference);
8.3 ± 1.9 mg/L (high)
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Reference1
Li et al. (2009)u*

Study
Location

Age Range
(Years)

China

8–12

Assessment
(Metric, Exposure Groups)
Urine
Endemic fluorosis region caused by coal
burning (severe/medium/mild/reference)
Degree of dental fluorosis
(severe/medium/mild/very
mild/suspected/normal)

Range

Intelligence
Assessment

0.962 ± 0.517 mg/L (reference) Combined Raven’s
1.235 ± 0.426 mg/L (mild endemic Test for Rural China
region)
1.670 ± 0.663 mg/L (medium
endemic region)
2.336 ± 1.128 mg/L (severe
endemic region)

Overall
RoB Rating

Confounders
Considered

Higher

Age; gender

Higher

Gender

0.867 ± 0.233 mg/L (normal
fluorosis)
1.094 ± 0.355 mg/L (suspected
fluorosis)
1.173 ± 0.480 mg/L (very mild
fluorosis)
1.637 ± 0.682 mg/L (mild fluorosis)
2.005 ± 0.796 mg/L (medium
fluorosis)
2.662 ± 1.093 mg/L (severe
fluorosis)
Li et al. (2010)

China

7–10

No fluoride measurement
Dental fluorosis children/nondental
fluorosis children

Not specified

Combined Raven’s
Test for Rural China
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Reference1
Ding et al. (2011)u*

Study
Location

Age Range
(Years)

China

7–14

Assessment
(Metric, Exposure Groups)
Urine
Dental fluorosis
(questionable/moderate/mild/very
mild/normal)
Mean urinary fluoride levels (10 groups)

Range

Intelligence
Assessment

0.80 ± 0.55 mg/L (normal dental Combined Raven’s
fluorosis);
Test for Rural China
1.11 ± 0.74 mg/L (very mild dental
fluorosis);
1.31 ± 0.78 mg/L (mild dental
fluorosis);
1.46 ± 0.79 mg/L (moderate dental
fluorosis);
1.13 ± 0.73 mg/L (questionable
dental fluorosis);

Overall
RoB Rating

Confounders
Considered

Lower

Age; arsenic; iodine;
lead; SES;
demographics

Standard Progressive
Matrices

Higher

Age; gender

Persian version of
Raven’s Matrices
Test

Higher

Gender

0.26 mg/L (group 1);
0.45 mg/L (group 2);
0.56 mg/L (group 3);
0.66 mg/L (group 4);
0.75 mg/L (group 5);
0.89 mg/L (group 6);
1.08 mg/L (group 7);
1.33 mg/L (group 8);
1.74 mg/L (group 9);
2.96 mg/L (group 10)
Eswar et al. (2011)w

India

12–14

Drinking water
High fluoride villages/low fluoride villages

0.29 mg/L (low);
2.45 mg/L (high)

Poureslami et al. (2011)w

Iran

7–9

Drinking water
Endemic dental fluorosis city/reference
city

Shivaprakash et al.
(2011)w

India

7–11

Drinking water
Fluorosis severity groups
(mild/moderate/severe)/all fluorosis/no
fluorosis

<0.5 ppm (no fluorosis);
Raven’s Colored
2.5–3.5 ppm (mild fluorosis);
Progressive Matrices
2.5–3.5 ppm (moderate fluorosis);
2.5–3.5 ppm (severe fluorosis);
2.5–3.5 ppm (all fluorosis)

Higher

Health factors; SES

Xiang et al. (2011)

China

8–13

Serum
Quartiles (Q4/Q3/Q2 and Q1)

<0.05 mg/L (Q1 and Q2 reference); Combined Raven’s
0.05–0.08 mg/L (Q3);
Test for Rural China
>0.08 mg/L (Q4)

Lower

Age; gender; iodine;
lead; SES

0.41 mg/L (reference);
2.38 mg/L (endemic)
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Seraj et al. (2012)w

Iran

6–11

Drinking water
High/medium/low fluoride levels

Trivedi et al. (2012)w

India

12–13

Ground water
High fluoride area/low fluoride area

Nagarajappa et al.
(2013)w

India

8–10

Drinking water
High fluoride area/low fluoride area

Bai et al. (2014)u*

China

8–12

Urine
Coal-burning-borne fluorosis areas
(seriously-affected/lightlyaffected/reference)

Karimzade et al. (2014)w

Iran

9–12

Drinking water
High fluoride area/low fluoride area

Broadbent et al. (2015)w*

New
Zealand

7–13

Drinking water
Area with community water fluoridation
(high)/area without community water
fluoridation (low)

Reference1

Assessment
(Metric, Exposure Groups)

Fluoride tablet use (ever/never)
Fluoride toothpaste use
(always/sometimes/never)
Khan et al. (2015)

Sebastian and Sunitha
(2015)w*

India

India

6–11

10–12

Drinking water
High fluoride areas (Unnao)/low fluoride
areas (Tiwariganj)
Fluorosis grades (normal/very
mild/mild/moderate/severe)
Drinking water
Low fluoride villages/normal fluoride
villages/high fluoride villages

Intelligence
Assessment

Overall
RoB Rating

Raven’s Colored
Progressive Matrices

Lower

Age; gender; SES

0.84 ± 0.38 mg/L (low);
2.3 ± 0.87 mg/L (high)

questionnaire
prepared by
Professor JH Shah

Lower

Gender; SES

0.5 mg/L (low);
2.4–3.5 mg/L (high)

Seguin Form Board
Test

Higher

Gender; SES;
demographics

0.54 mg/L (reference);
Chinese Combined
0.81 mg/L (lightly-affected area); Raven Test-C2
1.96 mg/L (seriously-affected area)

Higher

SES

Range
0.8 ± 0.3 mg/L (normal);
3.1 ± 0.9 mg/L (medium);
5.2 ± 1.1 mg/L (high)

Confounders
Considered

0.25 mg/L (low);
3.94 mg/L (high)

Iranian version of the
Raymond B Cattell
test

Higher

Gender

0.0–0.3 mg/L (low);
0.7–1.0 mg/L (high)

Wechsler
Intelligence Scale for
Children-Revised

Higher

Gender; SES; low birth
weight; breastfeeding

Raven’s Colored
Progressive Matrices

Higher

Health factors; SES

Raven’s Colored
Progressive Matrices

Higher

Age; gender; SES

0 mg (never used fluoride tablets);
0.5 mg (ever used fluoride tablets)
Range not specified for fluoride
toothpaste use
(always/sometimes/never)
0.19 ppm (Tiwariganj);
2.41 ppm (Unnao)
Range not specified by fluorosis
grades
0.40 mg/L (low);
1.2 mg/L (normal);
2.0 mg/L (high)
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Zhang et al. (2015b)w*

China

10–12

Urine, drinking water, serum
High fluoride areas/reference

Das and Mondal (2016)u

India

6–18

Urine, drinking water
Dental fluorosis
(severe/moderate/mild/very mild/normal)

Mondal et al. (2016)w

India

10–14

Drinking water
High fluoride areas/low fluoride areas

Reference1

Assessment
(Metric, Exposure Groups)

Overall
RoB Rating

Confounders
Considered

1.10 ± 0.67 mg/L urine; 0.63 (0.58– Combined Raven’s
0.68)mg/L water; 0.06 ± 0.03 serum Test for Rural China
(reference);
2.40 ± 1.01 mg/L urine; 1.40 (1.23–
1.57) mg/L water; 0.18 ± 0.11
serum (high)

Lower

Age; gender; arsenic;
iodine; drinking water
fluoride; SES; thyroid
hormone levels; COMT
genotype

2.91 ± 1.76 mg/L urine; 0.069 ± Combined Raven’s
0.021 mg/kg-d drinking water
Test for Rural China
(normal dental fluorosis);
2.50 ± 2.39 mg/L urine; 0.064 ±
0.004 mg/kg-d drinking water
(questionable dental fluorosis);
2.58 ± 1.31 mg/L urine; 0.060 ±
0.036 mg/kg-d drinking water (very
mild dental fluorosis);
2.95 ± 1.44 mg/L urine; 0.060 ±
0.030 mg/kg-d drinking water (mild
dental fluorosis);
4.82 ± 3.57 mg/L urine; 0.099 ±
0.063 mg/kg-d drinking water
(moderate dental fluorosis);
3.81 ± 2.51 mg/L urine; 0.093 ±
0.040 mg/kg-d drinking water
(severe dental fluorosis)

Higher

–

Higher

SES

Range

Not reported (low);
0.33–18.08 mg/L (high)

Intelligence
Assessment

Raven Standard
Theoretical
Intelligence Test
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Table A-1. Characteristics of Studies Included in the Mean-effect Meta-analysis
Fluoride Exposure
Reference1
Bashash et al. (2017) u

Yu et al. (2018)u*,w

Study
Location

Age Range
(Years)

Assessment
(Metric, Exposure Groups)

Mexico

6−12

Urine

China

7–13

Drinking water
High fluoride/normal fluoride
Urine (per 0.5-mg/L increment in each
range)
High/medium/low fluoride ranges

Cui et al. (2020)u

China

7–12

Urine
High/medium/low fluoride levels

Intelligence
Assessment

Overall
RoB Rating

Confounders
Considered

<0.80 mg/L (reference);
≥0.80 mg/L (high)

Wechsler
Abbreviated Scale of
Intelligence

Lower

Age; gender; weight at
birth; parity;
gestational age;
maternal
characteristics
(smoking history,
marital status, age at
delivery, IQ, education,
cohort)

≤1 mg/L (normal);
>1 mg/L (high)

Combined Raven’s
Test for Rural China

Lower

Age; gender; health
factors; SES

Combined Raven’s
Test

Lower

Gender; arsenic; iodine

Range

0.01–1.60 mg/L (low range
urinary);
1.60–2.50 mg/L (medium range
urinary);
2.50–5.54 mg/L (high range
urinary)
<1.6 mg/L (low);
1.6–2.5 mg/L (medium);
>=2.5 mg/L (high)

Notes:

COMT = catechol-O-methyltransferase; RoB = risk of bias; SES = socioeconomic status
1A “w” superscript indicates studies included in the mean effect dose-response meta-analysis using fluoride in water; a “u” superscript indicates studies included in the mean effect dose-response
meta-analysis using fluoride in urine; “*” indicates studies included in the mean effect dose-response meta-analysis at levels < 1.5 mg/L.
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Table A-2. Studies Excluded from Mean-effect Meta-analysis
Reference, Country

Reason for Exclusion

Qin et al. (1990)[translated in Qin et al. Missing mean or SD of outcome measure
2008], China
Yang et al. (1994) [translated in Yang et Overlapping population with Wang et al. (2001); Table 2 in Yang et al.
al. 2008], China
(1994) seemed incomplete
Wang et al. (2005b) [translated in
Wang et al. 2008a], China

Missing mean or SD of outcome measure

Rocha-Amador et al. (2007), Mexico

Missing mean or SD of outcome measure

Liu et al. (2000) [translated in Liu et al. Overlapping population with Lu et al. (2000)
2008], China
Sudhir et al. (2009), India

Missing mean or SD of outcome measure

He and Zhang (2010), China

Missing mean or SD of outcome measure

Kang et al. (2011), China

Missing mean or SD of outcome measure

Saxena et al. (2012), India

Missing mean or SD of outcome measure

Wang et al. (2012), China

Overlapping population with Xiang et al. (2003a); used in individual-level
meta-analysis

Singh et al. (2013), India

Missing mean or SD of outcome measure

Wei et al. (2014), China

Missing mean or SD of outcome measure

Choi et al. (2015), China

Cognitive functions other than IQ

Kundu et al. (2015), India

Unusual IQ scores; used only for sensitivity analysis

Aravind et al. (2016), India

Unusual IQ scores; used only for sensitivity analysis

Razdan et al. (2017), India

Unusual IQ scores; used only for sensitivity analysis

Cui et al. (2018), China

Missing mean or SD of outcome measure; used in individual-level metaanalysis

Green et al. (2019), Canada

Missing mean or SD of outcome measure; used in individual-level metaanalysis

Soto-Barreras et al. (2019), Mexico

Missing mean or SD of outcome measure

Zhao et al. (2019), China

Overlapping population with Yu et al. (2018), but smaller sample size

Zhou et al. (2019), China

Overlapping population with Yu et al. (2018), but smaller sample size

Till et al. (2020), Canada

Missing mean or SD of outcome measure; used in individual-level metaanalysis

Wang et al. (2020b), China

Missing mean or SD of outcome measure; used in individual-level metaanalysis

Zhao et al. (2020), China

Overlapping population with Yu et al. (2018), but smaller sample size

Notes:

SD = standard deviation
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Table A-3. Characteristics of Studies Included in the Individual-level Meta-analysis
Fluoride Exposure
Study
Location

Age Range
(Years)

Ding et al. (2011)

China

7−14

Urine

Zhang et al. (2015b)

China

10−12

Urine
High fluoride area/reference

Bashash et al. (2017)

Mexico

6−12

Urine

Cui et al. (2018)

China

7−12

Urine

Yu et al. (2018)

China

7−13

Urine, drinking water

Canada

3−4

Maternal urine, maternal
fluoride intake, drinking water

Reference

Green et al. (2019)

Assessment
(Metric, Exposure Groups)

Overall RoB
Rating

Confounders
Considered

Range

Intelligence Assessment

0.10−3.55 mg/L

Combined Raven’s Test for
Rural China

Lower

Age; arsenic; iodine;
lead; SES;
demographics

1.10 ± 0.67 mg/L (reference);
2.40 ± 1.01 mg/L (high fluoride area)

Combined Raven’s Test for
Rural China

Lower

Age; gender; arsenic;
iodine; drinking water
fluoride; SES; thyroid
hormone levels; COMT
genotype

0.18−2.8 mg/L

Wechsler Abbreviated
Scale of Intelligence

Lower

Age; gender; weight at
birth; parity;
gestational age;
maternal
characteristics
(smoking history,
marital status, age at
delivery, IQ, education,
cohort)

0.8−2.0 mg/L

Combined Raven’s Test for
Rural China

Lower

Age; maternal
education; smoking in
family member; stress;
anger; dopamine
receptor-2
polymorphism

0.01−5.54 mg/L (urine)
0.20−3.90 mg/L (water)

Combined Raven’s Test for
Rural China

Lower

Age; gender; maternal
education; paternal
education; low birth
weight

Wechsler Primary and
Preschool Scale of
Intelligence-III

Lower

Gender; city; maternal
education;
race/ethnicity; HOME
score; prenatal
secondhand smoke
exposure

0.51 ± 0.36 mg/L (urine)
0.54 ± 0.44 mg/day
(maternal daily fluoride intake)
0.31 ± 0.23 mg/L (water)
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Table A-3. Characteristics of Studies Included in the Individual-level Meta-analysis
Fluoride Exposure
Reference
Till et al. (2020)

Wang et al. (2020b)

Study
Location

Age Range
(Years)

Assessment
(Metric, Exposure Groups)

Canada

3−4

Residence, maternal urine,
infant fluoride intake from
formula, drinking water
Fluoridated/nonfluoridated
areas

China

7−13

Urine, drinking water

Range

Intelligence Assessment

0.64−0.70 (fluoridated), 0.38−0.42 mg/L Wechsler Primary and
(nonfluoridated) (urine)
Preschool Scale of
0.12−0.34 (fluoridated), 0.02−0.08
Intelligence-III
mg/day (nonfluoridated)
(infant formula fluoride intake)
0.58 (fluoridated), 0.13 (nonfluoridated)
(water)
0.01−5.54 mg/L (urine)
0.20−3.90 mg/L (water)

Combined Raven’s Test for
Rural China

Overall RoB
Rating

Confounders
Considered

Lower

Age; gender; maternal
education; maternal
race; HOME total
score; secondhand
smoke status in the
child’s house

Lower

Age; gender; body
mass index; maternal
education; paternal
education; household
income; low birth
weight

Notes:

COMT = catechol-O-methyltransferase; RoB = risk of bias; SES = socioeconomic status; HOME = Home Observation for Measurement of the Environment
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Effects by Risk-of-bias Evaluation

Figure A-1. Funnel Plot by Risk-of-bias Evaluation

Figure A-2. Test for Publication Bias by Risk of Bias
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Figure A-3. Trim-and-fill Analysis for High Risk-of-bias Studies
Filling in to the right using a linear estimator or to the left using a run estimator showed no change in the pooled SMD.

Figure A-4. Filled-in Funnel Plots for High Risk-of-bias Studies
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator (the linear estimator to the
right showed no change in the pooled SMD); right panel shows random-effects pooled SMD after filling in to the left using a
linear estimator (the run estimator to the left showed no change in the pooled SMD).
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Effects by Gender

Figure A-5. Funnel Plots by Gender

Figure A-6. Test for Publication Bias by Gender
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Figure A-7. Trim-and-fill Analysis for Studies in Boys Using Linear and Run Estimators
Filling in to the right using a run estimator or to the left using a linear or a run estimator showed no change in the pooled SMD.

Figure A-8. Filled-in Funnel Plots for Studies in Boys
Panel shows funnel plot filled in to the right using a linear estimator. Filling in to the right using a run estimator or to the left
using a linear or a run estimator showed no change in the pooled SMD.
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Effects by Age Group

Figure A-9. Funnel Plot by Age Group

Figure A-10. Test for Publication Bias by Age Group
Note: Although suggestive of publication bias in the less-than-10 age group, filling in to the right or left using a linear or run
estimator showed no change in the pooled SMD.
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Effects by Country

Figure A-11. Funnel Plot by Country

Figure A-12. Test for Publication Bias by Country
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Figure A-13. Trim-and-fill Analysis for Studies in India
Filling in to the right using a linear or a run estimator or to the left using a run estimator showed no change in the pooled SMD.

Figure A-14. Filled-in Funnel Plot for Studies in India
Panel shows funnel plot filled in to the left using a linear estimator. Filling in to the right using a linear or a run estimator or to
the left using a run estimator showed no change in the pooled SMD.
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Effect by Assessment Type

Figure A-15. Funnel Plot by CRT-RC-type Test

Figure A-16. Test for Publication Bias by Assessment Type
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Figure A-17. Trim-and-fill Analysis in Non-CRT-RC Tests
Filling in to the right using a linear or a run estimator or to the left using a run estimator showed no change in the pooled SMD.

Figure A-18. Filled-in Funnel Plot to Eliminate Publication Bias in Non-CRT-RC Tests
Panel shows funnel plot filled in to the left using a linear estimator. Filling in to the right using a linear or a run estimator or to
the left using a run estimator showed no change in the pooled SMD.
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Figure A-19. Trim-and-fill Analysis for Raven-type Tests
Filling in to the right using a linear or a run estimator or to the left using a run estimator showed no change in the pooled SMD.

Figure A-20. Filled-in Funnel Plot to Eliminate Publication Bias for Raven-type Tests
Panel shows funnel plot filled in to the left using a linear estimator. Filling in to the right using a linear or a run estimator or to
the left using a run estimator showed no change in the pooled SMD.
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Effect by Exposure Type

Figure A-21. Funnel Plot by Exposure Type

Figure A-22. Test for Publication Bias by Exposure Type
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Figure A-23. Trim-and-fill Analysis for Water Fluoride and Dental Fluorosis Exposures
For water fluoride, filling in to the right using a linear estimator or to the left using a linear or a run estimator showed no
change in the pooled SMD. For dental fluorosis, filling in to the right using a linear or a run estimator or to the left using a run
estimator showed no change in the pooled SMD.
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Figure A-24. Filled-in Funnel Plots to Eliminate Publication Bias for Water Fluoride (Left Panel) and Dental
Fluorosis (Right Panel) Studies
For water fluoride, panel shows funnel plot filled in to the right using a run estimator. Filling in to the right using a linear
estimator or to the left using a linear or a run estimator showed no change in the pooled SMD. For dental fluorosis, panel shows
funnel plot filled in to the left using a linear estimator. Filling in to the right using a linear or a run estimator or to the left using
a run estimator showed no change in the pooled SMD.
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Sensitivity Analysis: Any Exposure Group Compared to Reference Group

Figure A-25. Association Between Fluoride Exposure and IQ Scores in Children Using Any Exposure Versus
Reference
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Figure A-26. Funnel Plot in Sensitivity Analysis Using Any Exposure Versus Reference

Figure A-27. Test for Publication Bias in Sensitivity Analysis Using Any Exposure Versus Reference

Figure A-28. Trim-and-fill Analysis in Sensitivity Analysis Using Any Exposure Versus Reference
Filling in to the right using a linear estimator or to the left using a run estimator showed no change in the pooled SMD.
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Figure A-29. Filled-in Funnel Plots to Eliminate Publication Bias in Sensitivity Analysis Using Any Exposure Versus
Reference
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator (the linear estimator to the
right showed no change in the pooled SMD); right panel shows random-effects pooled SMD after filling in to the left using a
linear estimator (the run estimator to the left showed no change in the pooled SMD).
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Sensitivity Analysis: Any Exposure Group Compared to Reference Group Including Aravind et al.
(2016), Kundu et al. (2015), and Razdan et al. (2017)

Figure A-30. Association Between Fluoride Exposure and IQ Scores in Children in Analysis Using Any Exposure
Group Versus Reference [Including Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]
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Figure A-31. Funnel Plot in Sensitivity Analysis Using Any Exposure Versus Reference [Including Aravind et al.
(2016), Kundu et al. (2015), and Razdan et al. (2017)]

Figure A-32. Test for Publication Bias in Sensitivity Analysis Using Any Exposure Versus Reference [Including
Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]

Figure A-33. Trim-and-fill Analysis in Sensitivity Analysis Using Any Exposure Versus Reference [Including
Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]
Filling in to the right using a linear estimator or to the left using a run estimator showed no change in the pooled SMD.

284

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 A-34. Filled-in Funnel Plots to Eliminate Publication Bias in Sensitivity Analysis Using Any Exposure Versus
Reference
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator; right panel shows randomeffects pooled SMD after filling in to the left using a linear estimator. Filling in to the right using a linear estimator or to the left
using a run estimator showed no change in the pooled SMD.
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Sensitivity Analysis: Highest Exposure Group Compared to Reference Group Including Aravind et al.
(2016), Kundu et al. (2015), and Razdan et al. (2017)

Figure A-35. Association Between Fluoride Exposure and IQ Scores in Children in Analysis Using Highest Exposure
Versus Reference [Including Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]
286

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 A-36. Funnel Plot in Sensitivity Analysis Using Highest Exposure Versus Reference [Including Aravind et al.
(2016), Kundu et al. (2015), and Razdan et al. (2017)]

Figure A-37. Test for Publication Bias in Sensitivity Analysis Using Highest Exposure Versus Reference [Including
Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]

Figure A-38. Trim-and-fill Analysis in Sensitivity Analysis Using Highest Exposure Versus Reference [Including
Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]
Filling in to the right using a linear estimator or to the left using a run estimator showed no change in the pooled SMD.
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Figure A-39. Filled-in Funnel Plots to Eliminate Publication Bias in Sensitivity Analysis Using Highest Exposure
Versus Reference [Including Aravind et al. (2016), Kundu et al. (2015), and Razdan et al. (2017)]
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator; right panel shows randomeffects pooled SMD after filling in to the left using a linear estimator. Filling in to the right using a linear estimator or to the left
using a run estimator showed no change in the pooled SMD.
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Sensitivity Analysis: Excluding Lin et al. (1991)1

Figure A-40. Association Between Fluoride Exposure and IQ Scores in Children in Analysis Using Highest Exposure
Versus Reference [Excluding Lin et al. (1991)]
1Lin

et al. (1991): ICF calculated standard errors based on p-values.
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Figure A-41. Funnel Plot in Sensitivity Analysis Using Highest Exposure Versus Reference [Excluding Lin et al.
(1991)]

Figure A-42. Test for Publication Bias in Sensitivity Analysis Using Highest Exposure Versus Reference [Excluding
Lin et al. (1991)]

Figure A-43. Trim-and-fill Analysis in Sensitivity Analysis Using Highest Exposure Versus Reference [Excluding Lin
et al. (1991)]
Filling in to the right using a linear estimator or to the left using a run estimator showed no change in the pooled SMD.
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Figure A-44. Filled-in Funnel Plots to Eliminate Publication Bias in Sensitivity Analysis Using Highest Exposure
Versus Reference [Excluding Lin et al. (1991)]
Left panel shows the random-effects pooled SMD after filling in to the right using a run estimator; right panel shows randomeffects pooled SMD after filling in to the left using a linear estimator. Filling in to the right using a linear estimator or to the left
using a run estimator showed no change in the pooled SMD.
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Sensitivity Analysis: Excluding Aravind et al. (2016), Kundu et al. (2015), Razdan et al. (2017), and Khan
et al. (2015)

Figure A-45. Association Between Fluoride Exposure and IQ Scores in Children in Analysis Using Highest Exposure
Versus Reference [Excluding Aravind et al. (2016), Kundu et al. (2015), Razdan et al. (2017), and Khan et al.
(2015)]
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Figure A-46. Funnel Plot in Sensitivity Analysis Using Highest Exposure Versus Reference [Excluding Aravind et al.
(2016), Kundu et al. (2015), Razdan et al. (2017), and Khan et al. (2015)]

Figure A-47. Test for Publication Bias in Sensitivity Analysis Using Any Exposure Versus Reference [Excluding
Aravind et al. (2016), Kundu et al. (2015), Razdan et al. (2017), and Khan et al. (2015)]

Figure A-48. Trim-and-fill Analysis in Sensitivity Analysis Using Highest Exposure Versus Reference [Excluding
Aravind et al. (2016), Kundu et al. (2015), Razdan et al. (2017), and Khan et al. (2015)]
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Figure A-49. Filled-in Funnel Plot to Eliminate Publication Bias in Sensitivity Analysis Using Highest Exposure
Versus Reference [Excluding Aravind et al. (2016), Kundu et al. (2015), Razdan et al. (2017), and Khan et al.
(2015)]
Panel shows the random-effects pooled SMD after filling in to the right using a run estimator. Filling in to the right using a linear
estimator or to the left using a linear or a run estimator showed no change in the pooled SMD.
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Attachment B. Subgroup and Sensitivity Analyses (Aim 2)
Table B-1. Characteristics of Studies Included in the Individual-level Meta-analysis

Fluoride Exposure

Study
Location

Age Range
(Years)

Assessment
(Metric)

Ding et al. (2011)

China

7–14

Urine

0.10−3.55 mg/L

Zhang et al. (2015b)

China

10–12

Urine

1.10 ± 0.67 mg/L (reference);
2.40 ± 1.01 mg/L (high fluoride
area)

Bashash et al. (2017)

Mexico

6–12

Urine

Cui et al. (2018)

China

7–12

Yu et al. (2018)

China

7–13

Reference

Range

Intelligence
Assessment

Overall
RoB
Rating

Combined Raven's
Test for Rural
China
Combined Raven's
Test for Rural
China

Lower

0.18−2.8 mg/L

Wechsler
Abbreviated Scale
of Intelligence

Lower

Urine

0.8−2.0 mg/L

Combined Raven's
Test for Rural
China

Lower

Urine, drinking Water

0.01−5.54 mg/L (urine)
0.20−3.90 mg/L (water)

Combined Raven's
Test for Rural
China

Lower

Lower

Confounders
Considered
Age; arsenic; iodine;
lead; SES;
demographics
Age; gender;
arsenic; iodine;
drinking water
fluoride; SES;
thyroid hormone
levels; COMT
genotype
Age; gender; weight
at birth; parity;
gestational age;
maternal
characteristics
(smoking history,
marital status, age
at delivery, IQ,
education, and
cohort)
Age; maternal
education; smoking
in family member;
stress; anger;
dopamine receptor2 polymorphism
Age; gender;
maternal education;
paternal education;
low birth weight
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Table B-1. Characteristics of Studies Included in the Individual-level Meta-analysis
Study
Location

Age Range
(Years)

Assessment
(Metric)

Green et al. (2019)

Canada

3–4

Till et al. (2020)

Canada

China

Reference

Wang et al. (2020b)

Fluoride Exposure

Overall
RoB
Rating

Range

Intelligence
Assessment

Maternal urine, maternal fluoride
intake, drinking water

0.51 ± 0.36 mg/L (urine)
0.54 ± 0.44 mg/day (maternal daily
fluoride intake)
0.31 ± 0.23 mg/L (water)

Wechsler Primary
and Preschool
Scale of
Intelligence-III

Lower

3–4

Residence (fluoridated/nonfluoridated
cities), maternal urine, infant fluoride
intake from formula, drinking water

Wechsler Primary
and Preschool
Scale of
Intelligence-III

Lower

7–13

Urine, drinking water

0.64−0.70 mg/L (fluoridated),
0.38−0.42 mg/L (nonfluoridated)
(urine)
0.12−0.34 mg/day (fluoridated),
0.02−0.08 mg/day (nonfluoridated)
(infant formula fluoride intake)
0.58 mg/L (fluoridated), 0.13 mg/L
(nonfluoridated) (water)
0.01−5.54 mg/L (urine)
0.20−3.90 mg/L (water)

Combined Raven's
Test for Rural
China

Lower

Confounders
Considered
Gender; city;
maternal education;
race/ethnicity;
HOME score;
prenatal
secondhand smoke
exposure
Age; gender;
maternal education;
maternal race;
HOME total score;
second-hand smoke
status in the child’s
house
Age; gender; body
mass index;
maternal education;
paternal education;
household income;
low birth weight
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Sensitivity Analysis for Individual-level Studies: No Pooling for Yu et al. (2018)

Figure B-1. Association Between Individual-level Fluoride Exposure and IQ Scores in Children [No Pooling for Yu
et al. (2018)]

Figure B-2. Funnel Plots of Studies with Individual-level Exposures and Filled-in Funnel Plot to Eliminate
Publication Bias [No Pooling for Yu et al. (2018)]
Right panel shows funnel plot filled in to the right using a linear estimator. Filling in to the left using a linear or a run estimator
showed no change in the pooled effect estimate.

Figure B-3. Test for Publication Bias for Studies with Individual-level Exposures
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Figure B-4. Trim-and-fill Analysis for Studies with Individual-level Exposures
Filling in to the left using a linear or a run estimator showed no change in the pooled effect estimate.
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Sensitivity Analysis for Individual-level Studies: Effect by Exposure Type, No Pooling for Yu et al.
(2018)

Figure B-5. Association Between Fluoride Exposure and IQ Scores in Children for Individual-level Exposures [No
Pooling for Yu et al. (2018)]
Note: The analysis for publication bias for studies with fluoride in urine is identical to the overall analyses. The analyses for
publication bias for studies with fluoride in water or fluoride intake rely on two studies each and are not shown.
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Sensitivity Analysis for Individual-level Studies: Using Wang et al. (2020b) Versus Yu et al. (2018)

Figure B-6. Association Between Fluoride Exposure and IQ Scores in Children for Individual-level Exposures
[Using Wang et al. (2020b) Estimates in Place of Yu et al. (2018) Estimates]

Figure B-7. Funnel Plot of Studies with Individual-level Exposures and Filled-in Funnel Plot to Eliminate
Publication Bias [Using Wang et al. (2020b) Estimates in Place of Yu et al. (2018) Estimates]
Right panel shows funnel plot filled in to the right using a run estimator. Filling in to the left using a linear or a run estimator
showed no change in the pooled effect estimate.

Figure B-8. Test for Publication Bias for Studies with Individual-level Exposures [Using Wang et al. (2020b)
Estimates in Place of Yu et al. (2018) Estimates]
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Figure B-9. Trim-and-fill Analysis for Studies with Individual-level Exposures [Using Wang et al. (2020b) Estimates
in Place of Yu et al. (2018) Estimates]
Filling in to the left using a linear or a run estimator showed no change in the pooled effect estimate.

Figure B-10. Association Between Fluoride Exposure and IQ Scores in Children by Exposure for Individual-level
Exposures [Using Wang et al. (2020b) Estimates in Place of Yu et al. (2018) Estimates]
Note: The analysis for publication bias for studies with fluoride in urine is identical to the overall analysis. The analyses for
publication bias for studies with fluoride in water or fluoride intake rely on two studies each and are not shown.
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Sensitivity Analysis for Individual-level Studies: Using Till et al. (2020) Versus Green et al. (2019)

Figure B-11. Association Between Fluoride Exposure and IQ Scores in Children for Individual-level Exposures
[Using Till et al. (2020) Estimates in Place of Green et al. (2019) Estimates]

Figure B-12. Funnel Plot of Included Studies with Individual-level Exposures and Filled-in Funnel Plot to Eliminate
Publication Bias [Using Till et al. (2020) Estimates in Place of Green et al. (2019) Estimates]
Right panel shows funnel plot filled in to the right using a run estimator. Filling in to the left using a linear or a run estimator
showed no change in the pooled effect estimate.

Figure B-13. Test for Publication Bias for Studies with Individual-level Exposures [Using Till et al. (2020)
Estimates in Place of Green et al. (2019) Estimates]
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Figure B-14. Trim-and-fill Analysis for Studies with Individual-level Exposures [Using Till et al. (2020) Estimates in
Place of Green et al. (2019) Estimates]
Filling in to the left using a linear or a run estimator showed no change in the pooled effect estimate.

Figure B-15. Association Between Fluoride Exposure and IQ Scores in Children by Exposure Type for Individuallevel Exposures [Using Till et al. (2020) Estimates in Place of Green et al. (2019) Estimates]
Note: The analysis for publication bias for studies with fluoride in urine is identical to the overall analysis. The analyses for
publication bias for studies with fluoride in water or fluoride intake rely on two studies each and are not shown.
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Sensitivity Analysis for Individual-level Studies: Verbal IQ

Figure B-16. Association between Fluoride Exposure and IQ Scores in Children Using Verbal IQ Score for Green et
al. (2019)

Figure B-17. Funnel Plot of Included Studies with Individual-level Exposures and Filled-in Funnel Plot to Eliminate
Publication Bias [Using Verbal IQ Score for Green et al. (2019)]
Right panel shows funnel plot filled in to the right using a run estimator. Filling in to the left using a linear or a run estimator
showed no change in the pooled effect estimate.

Figure B-18. Test for Publication Bias for Studies with Individual-level Exposures [Using Verbal IQ Score for Green
et al. (2019)]
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Figure B-19. Trim-and-fill Analysis for Studies with Individual-level Exposures [Using Verbal IQ Score for Green et
al. (2019)]
Filling in to the left using a linear or a run estimator showed no change in the pooled effect estimate.

Figure B-20. Association Between Fluoride Exposure and IQ Scores in Children by Exposure Type Using Verbal IQ
Score for Green et al. (2019)
Note: The analysis for publication bias for studies with fluoride in urine is identical to the overall analysis. The analyses for
publication bias for studies with fluoride in water or fluoride intake rely on two studies each and are not shown.
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Sensitivity Analysis for Individual-level Studies: Performance IQ

Figure B-21. Association Between Fluoride Exposure and IQ Scores in Children Using Performance IQ Score for
Green et al. (2019)

Figure B-22. Funnel Plot of Included Studies with Individual-level Exposures and Filled-in Funnel Plot to Eliminate
Publication Bias [Using Performance IQ Score for Green et al. (2019)]
Right panel shows funnel plot filled in to the right using a run estimator. Filling in to the left using a linear or a run estimator
showed no change in the pooled effect estimate.

Figure B-23. Test for Publication Bias for Studies with Individual-level Exposures [Using Performance IQ Score for
Green et al. (2019)]
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Figure B-24. Trim-and-fill Analysis for Studies with Individual-level Exposures [Using Performance IQ Score for
Green et al. (2019)]
Filling in to the left using a linear or a run estimator showed no change in the pooled effect estimate.

Figure B-25. Association Between Fluoride Exposure and IQ Scores in Children by Exposure Type Using
Performance IQ Score for Green et al. (2019)
Note: The analysis for publication bias for studies with fluoride in urine is identical to the overall analysis. The analyses for
publication bias for studies with fluoride in water or fluoride intake rely on two studies each and are not shown.
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Sensitivity Analysis for Individual-level Studies: Excluding Cui et al. (2018)

Figure B-26. Association Between Fluoride Exposure and IQ Scores in Children [Excluding Cui et al. (2018)]

Figure B-27. Funnel Plot and Filled-in Funnel Plot to Eliminate Publication Bias of Included Studies with
Individual-level Exposures [Excluding Cui et al. (2018)]
Right panel shows filling in to the right using a linear estimator. Filling in to the right using a run estimator or to the left using a
linear or run estimator showed no change in the pooled effect estimate.

Figure B-28. Test for Publication Bias for Studies with Individual-level Exposures [Excluding Cui et al. (2018)]
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Figure B-29. Trim-and-fill Analysis for Studies with Individual-level Exposures [Excluding Cui et al. (2018)]
Filling in to the right using a run estimator or to the left using a linear or run estimator showed no change in the pooled effect
estimate.
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