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Honghu and Mark,
 
Attached, please find a draft manuscript with tables and figures for your review and comment. I
highlighted the statistical part for your special attention. The lines in red could be deleted to make
room for other additions. The maximum word limit is 4000.
 
I think the reviewers will have many questions about Supplementary Figure B 3. Absolute IQ
(restricted cubic spline) -- see StdIQ_N25.png because it appears to contradict other findings. I tried
to limit the analysis to data <1.5 mg/L. I used the Flexplot in Jamovi to create a Loess regression for
graphical presentation. This is consistent with our main question to limit the studies to F exposure
<1.5. What do you think?
 
Because of the poor quality of the studies, the NAS committee commented on the NTP dose-
response analysis.  
 
“Much of the evidence presented in the report comes from studies that involve relatively high
fluoride concentrations. Little or no conclusive information can be garnered from the revised
monograph about the effects of fluoride at low exposure concentrations (less than 1.5 mg/mL).
NTP therefore should make it clear that the monograph cannot be used to draw any
conclusions regarding low fluoride exposure concentrations, including those typically
associated with drinking-water fluoridation. Drawing conclusions about the effects of low
fluoride exposures (less than 1.5 mg/mL) would require a full dose–response assessment,
which
would include at a minimum more detailed analyses of dose–response patterns, models, and
model fit; full evaluations of the evidence for supporting or refuting threshold effects;
assessment of the differences in exposure metrics and intake rates; more detailed analyses of
statistical power and uncertainty; evaluation of differences in susceptibility; and detailed
quantitative analyses of effects of bias and confounding of small effect sizes. Those analyses
fall
outside the scope of the NTP monograph, which focuses on hazard identification and not
dose–
response assessment. Given the substantial concern regarding health implications of various
fluoride exposures, comments or inferences that are not based on rigorous analyses should
be
avoided.”
 
Looking forward to your review and comments.
 
Jay

mailto:Jayanth.Kumar@cdph.ca.gov
mailto:hhliu@dentistry.ucla.edu
mailto:MOSSM17@ECU.EDU

		

		Table 1. Characteristics of the studies included in the standardized mean difference meta-analysis of fluoride and children’s IQ scores 





		

		Study

		Year

		Country

		Age (years)

		Number of subjects

		Exposure

assessment

		F exposure

Higher Level(mg/l)

		 F exposure Lower Level(mg/L)

		Intelligence assessment

		Report outcome

		Medline Indexed Journal

		ROB



		

		

		

		

		

		

		

		

		

		

		

		

		study

quality



		1

		An JA

		1992

		China

		7-16

		242

		Water

		4.85

		0.8

		Wechsler Intelligence test

		IQ; IQ of different

age; IQ distribution

		No

		



		

		

		

		

		

		

		

		(2.1-7.6)

		

		

		

		

		



		2

		Xu YL

		1994

		China

		8-14

		129

		Water

		1.8

		0.8

		BineteSimon test

		IQ; IQ distribution

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		3

		Li XS

		1995

		China

		8-13

		907

		Urinary

		2.69

		1.02

		Chinese standardized Raven

test

		IQ; IQ in age; IQ

distribution; IQ in

genders

		No

		



		

		

		

		

		

		

		

		1.81

		1.02

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		4

		Zhao LB

		1996

		China

		7-14

		320

		Water

		4.12

		0.91

		Chinese standardized Raven

test

		IQ; IQ in age; IQ

distribution; IQ in

education level

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		5

		Wang GJ

		2008

		China

		4-7

		230

		Water

		4.8

		0.79

		Wechsler Intelligence test

		IQ; IQ less than 90; IQ

in different head

circumference

		No

		



		

		

		

		

		

		

		

		(1.0-9.6)

		(0.58-1.0)

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		6

		Yao L

		1996

		China

		8-12

		536

		Water

		11

		1.0

		Chinese standardized Raven

test

		TSH level; IQ; IQ

distribution

		No

		



		

		

		

		

		

		

		

		2.0

		1.0

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		7

		Yao L, 

Yang S.

		1997

		China

		7-12

		497

		Water

		2

		0.4

		Chinese standardized Raven

test

		IQ; IQ in age

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		8

		Zhang JW

		1998

		China

		4-10

		103

		Water

		0.8

		0.58

		Japan IQ test

		IQ; IQ in age

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		9

		Lu Y

		2008

		China

		10-12

		118

		Water

		3.15

		0.37

		Chinese standardized Raven

test

		IQ; IQ distribution;

Relationship

between IQ and F

level

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		10

		Hong FG

		2008

		China

		8-14

		117

		Water

		2.9

		0.75

		Chinese standardized Raven

test

		IQ; IQ distribution; IQ

in education level

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		11

		Wang XH

		2001

		China

		8-12

		60

		Water

		2.97

		0.5

		Chinese standardized Raven

test

		IQ; IQ distribution

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		12

		Xiang Q

		2003

		China

		8-13

		512

		Water

		2.47

		0.36

		Chinese standardized Raven

test

		IQ; IQ in genders; IQ

in serum fluoride

level;

		No

		



		

		

		

		

		

		

		

		(0.57-4.5)

		(0.18-0.76)

		

		

		

		



		

		

		

		

		

		

		

		0.75

		0.36

		

		

		

		



		13

		Seraj B

		2006

		Iran

		N/A

		126

		Water

		2.5

		0.4

		Raven test

		IQ; IQ in age

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		14

		Wang ZH

		2006

		China

		8-12

		368

		Water

		5.54 (3.88)

		0.73 (0.28)

		Chinese standardized Raven

test

		IQ; IQ distribution

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		15

		Fan ZX

		2007

		China

		7-14

		79

		Water

		3.15

		1.03

		Chinese standardized Raven

test

		IQ; IQ distribution

		No

		



		

		

		

		

		

		

		

		(1.14-6.09)

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		









		16

		Wang SX

		2007

		China

		8-12

		449

		Water

		8.3

		0.65

		Chinese standardized Raven

test

		IQ; IQ distribution

		Yes

		



		

		

		

		

		

		

		

		(3.8-11.5)

		(0.2-1.1)

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		17

		Chen YX

		2008

		China

		7-14

		640

		Water

		4.55

		0.89

		Chinese standardized Raven

test

		IQ; IQ distribution; IQ

in genders; IQ in age

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		18

		Hamid Reza

Pourelami

		2011

		Iran

		7-9

		120

		Water

		2.38

		0.41

		Raven's Progressive

Matrices Intelligence

Test

		IQ; IQ distribution; IQ

in genders

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		19

		Pranati

Eswar

		2011

		India

		12-14

		133

		Water

		2.45

		0.29

		Raven test (Standard

Progressive Matrices

test)

		IQ; IQ distribution

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		20

		Wang GJ28

		2012

		China

		8-13

		526

		Water

		2.45 (0.8)

		0.36 (0.11)

		Chinese

		IQ; IQ in genders; IQ

		

		



		

		

		

		

		

		

		

		

		

		standardized Raven

		in fluoride intake

		

		



		

		

		

		

		

		

		

		

		

		test

		level;

		

		



		21

		MH Trivedi

		2012

		India

		N/A

		84

		Water

		2.25

		0.42

		Raven test (Standard

Progressive Matrices

test)

		IQ; IQ distribution; IQ

in genders

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		22

		B.Seraj

		2012

		Iran

		6-11

		293

		Water

		5.2 (1.1)

		0.8 (0.3)

		Raven's Color

Progressive Matrices

		IQ; IQ distribution; IQ

in genders; IQ in

fluoride intake level;

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		23

		Zhang Shun

		2015

		China

		10-12

		180

		Water

		1.4

		0.63

		Chinese

standardized Raven

test

		IQ; IQ in COMT

genotype

		Yes

		



		

		

		

		

		

		

		Urine

		2.4

		1.1

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		24

		S Karimzade

		2014

		Iran

		9-12

		39

		Water

		3.94

		0.25

		The Iranian version of the Raymond B Cattell test

		IQ; IQ distribution

		No

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		25

		D. Mondal

		2015

		India

		10-14

		40

		Water

		5.39

		0.76

		Raven Standard Theoretical

Intelligence Test

		IQ; IQ in genders

		Yes

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		

		

		

		

		

		

		

		

		

		

		

		

		



		26

		 Sebastian

		2015

		India

		10-12

		405

		Water

		2

		0.4

		Raven's Colored

Progressive Matrices

		IQ; IQ distribution

		Yes

		



		

		

		

		

		

		

		

		1.2

		0.4

		

		

		

		



		27

		Broadbent

		2015

		New Zealand

		7-13

		990

		Water

		0.7-1.0

		0.0-0.3

		Wechsler Intelligence Scale for Children-Revised

		IQ

		Yes

		



		28

		Bashash

		2017

		Mexico

		6-12

		189

		Urine



		<0.80

(1.01)



		≥0.80

(0.54)



		Wechsler Abbreviated Scale of Intelligence

		IQ

		Yes

		



		29

		Yu

		2018

		China

		7−13

		2380

		Urine



		2.0

		0.5

		Combined Raven’s Test for Rural China

		IQ; IQ distribution

		Yes

		



		30

		Green

		2019

		Canada

		3-4

		400

		Water



		0.59

		0.13

		Wechsler Primary and Preschool Scale of Intelligence-III

		IQ

		Yes

		



		31

		Xu

		2020

		China

		7-13

		633

		Urine

		2.09

		0.9

		Combined Raven’s Test-The Rural in China (CRT-RC2)

		IQ; IQ distribution

		Yes

		



		32

		Ibarluzea

		2021

		Spain 

		4.4 ± 0.1 

		247

		Water



		0.8

		0.1

		McCarthy Scales of Children’s Abilities (MSCA)

		

		Yes

		








Figure 1. Flow diagram of the publications selected for meta-analysesIdentification



Search June 2020 to December 2021

Total number of new publications =

10 publications + 1 thesis

NTP search May 2020

Total number of additional publications = 45

Duan et al meta-analysis 

Search through 2016

Total number of publications = 26









Screening



Publications screened to meet the criteria=82











Publications excluded = 49 because:

- could not be located (Wang GJ 2012)

-exposure other than water or salt 

-lower level of exposure above 2mg/L F 

-missing information on exposure or outcome

- published as a thesis, 

-overlapping publications 











Eligibility



Urinary fluoride regression analysis

Publications met the criteria =7

- Children’s Urinary F Regression Coefficient analysis = 5

- Maternal Urinary F Regression Coefficient analysis = 3





SMD analysis

Publications met the criteria =31

- Endemic areas SMD analysis =26

- Non-endemic areas SMD analysis =5+3*  













1 SMD publication excluded (Zang Shun 2015 urinary F level -high 2.4 mg/L F and low F 1.10 mg/L F  (Subsample of Yu 2018).





1 publication (Ding et al.)  with children’s urinary fluoride regression coefficient excluded because it included endemic fluorosis area 













Included



Total number of publications included in the main analyses

SMD analysis =25 (Endemic) + 8 (Nonendemic)*

Children’s Urinary F Regression Coefficient analysis =4

Maternal Urinary F Regression Coefficient analysis =3













Note: * Xu 1994, Xiang 2003, and Sebastian 2015 provided data for both endemic and non-endemic areas.  Green 2019 and Farmus 2021 are overlapping publications, and contributed MUF and CUF data, respectively.  



Figure 2. Random-effects analysis of standardized mean difference (SMD) and 95% CI of children’s IQ score associated with exposure to higher fluoride. Total number of publications = 27+4 =31. 

2.1.1 (Zhang Shun 2015 exlcuded subsample of Yu; Duan’s 26  studies – Zhang Shun + Yu 2018 and Xu 2020).  

2.1.2  (4 new studies -Braodbent 2015, Bashash 2017, Green 2019, Ibarluzea 2021) + 4 studies also with lower levels).  

Shows no effect below 1.5 mg/L F compared to higher F vs. Recommended level of fluoride. In Figures 3 and 4, we explored if F dose explains this heterogentity in the effect size. It did not. 



[image: A picture containing table

Description automatically generated]




Figure 3 Association (restricted cubic regression) between population fluoride exposure dose differential (higher F <1.5 mg/L ) and standardized mean difference in IQ. 

Figure to be revised 8 studies (Exclude – Zhang Shun) 

1. Meta-analysis (restricted cubic spline) -- see Meta_N9.png

Wald test: p-value = 0.53



One-stage random-effects meta-analysis

Estimation method: REML

Covariance approximation: Standardized Mean Differences



Chi2 model: X2 = 0.6391 (df = 2), p-value = 0.7265



Fixed-effects coefficients

                       Estimate  Std. Error        z  Pr(>|z|)  95%ci.lb  95%ci.ub   

rcs(dose, knots)dose     0.1455      0.1828   0.7958    0.4261   -0.2128    0.5037   

rcs(dose, knots)dose'   -0.7632      1.2225  -0.6243    0.5324   -3.1593    1.6329   

---

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 



Between-study random-effects (co)variance components

                       Std. Dev                  Corr

rcs(dose, knots)dose     0.0897  rcs(dose, knots)dose

rcs(dose, knots)dose'    1.9221                    -1



9 studies, 9 values, 2 fixed and 3 random-effects parameters

logLik     AIC     BIC  

1.7210  6.5581  6.2876 
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Figure 4. Random-effects analysis of regression coefficients and 95% CI of children’s IQ score associated with 0.5 mg/L increase in children’s urinary fluoride in non-endemic areas. 
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Figure 5. Random-effects analysis of regression coefficients and 95% CI of children’s cognition and IQ score associated with 0.5 mg/L increase in maternal urinary fluoride in non-endemic areas. 
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[bookmark: _Hlk89186756]Figure 6 Association (restricted cubic spline regression analysis) between fluoride concentration in water or urine and standardized IQ scores. 



3. Absolute IQ (restricted cubic spline) -- see StdIQ_N9.png

Model Likelihood Ratio Test: p-value = 0.5748

Fitted function:
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Supplementary Materials



Figure A shows a non-linear relationship between fluoride dose differential between higher and lower concentrations and standardized mean difference in IQ scores. 

Include additional studies.  
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Figure B



3. Absolute IQ (restricted cubic spline) -- see StdIQ_N25.png

Model Likelihood Ratio Test: p-value < 0.01

Fitted function:
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OR 

LOESS Regression (<1.5 mg/l F)

Exclude Zhang Shun; 72-30 data points from endemic areas = 42 data points (<1.5 mg/l F)
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PUBLICATION BIAS - Mean Differences (n, M, SD)

Random-Effects Model (k = 8)

Estimate	se	Z	p	CI Lower Bound	CI Upper Bound



		Intercept

		0.0644

		0.0450

		1.43

		0.152

		-0.024

		0.153



		

		.

		.

		.

		.

		.

		.





Note. Tau² Estimator: Restricted Maximum-Likelihood



Heterogeneity Statistics



		Tau

		Tau²

		I²

		H²

		R²

		df

		Q

		p



		0.000

		0 (SE= 0.0078 )

		0%

		1.000

		.

		7.000

		4.082

		0.770





The analysis was carried out using the standardized mean difference as the outcome measure. A random-effects model was fitted to the data. The amount of heterogeneity (i.e., tau²), was estimated using the restricted maximum-likelihood estimator (Viechtbauer 2005). In addition to the estimate of tau², the Q-test for heterogeneity (Cochran 1954) and the I² statistic are reported. In case any amount of heterogeneity is detected (i.e., tau² > 0, regardless of the results of the Q-test), a prediction interval for the true outcomes is also provided. Studentized residuals and Cook's distances are used to examine whether studies may be outliers and/or influential in the context of the model. Studies with a studentized residual larger than the 100 x (1 - 0.05/(2 X k))th percentile of a standard normal distribution are considered potential outliers (i.e., using a Bonferroni correction with two-sided alpha = 0.05 for k studies included in the meta-analysis). Studies with a Cook's distance larger than the median plus six times the interquartile range of the Cook's distances are considered to be influential. The rank correlation test and the regression test, using the standard error of the observed outcomes as predictor, are used to check for funnel plot asymmetry.

A total of k=8 studies were included in the analysis. The observed standardized mean differences ranged from -0.0641 to 0.3499, with the majority of estimates being positive (75%). The estimated average standardized mean difference based on the random-effects model was \hat{\mu} = 0.0644 (95% CI: -0.0238 to 0.1525). Therefore, the average outcome did not differ significantly from zero (z = 1.4312, p = 0.1524). According to the Q-test, there was no significant amount of heterogeneity in the true outcomes (Q(7) = 4.0815, p = 0.7703, tau² = 0.0000, I² = 0.0000%). An examination of the studentized residuals revealed that none of the studies had a value larger than ± 2.7344 and hence there was no indication of outliers in the context of this model. According to the Cook's distances, none of the studies could be considered to be overly influential. Neither the rank correlation nor the regression test indicated any funnel plot asymmetry (p = 0.0610 and p = 0.3529, respectively).

Forest Plot
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		Publication Bias Assessment

		



		Test Name

		value

		p



		Fail-Safe N

		1.000

		0.048



		Begg and Mazumdar Rank Correlation

		0.571

		0.061



		Egger's Regression

		0.929

		0.353



		Trim and Fill Number of Studies

		2.000

		.





Note. Fail-safe N Calculation Using the Rosenthal Approach



Funnel Plot
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Meta-Analysis

Random-Effects Model (k = 10)

Estimate	se	Z	p	CI Lower Bound	CI Upper Bound



		Intercept

		0.00370

		0.0646

		0.0572

		0.954

		-0.123

		0.130



		

		.

		.

		.

		.

		.

		.





Note. Tau² Estimator: DerSimonian-Laird

Heterogeneity Statistics



		Tau

		Tau²

		I²

		H²

		R²

		df

		Q

		p



		0.140

		0.0197 (SE= 0.0188 )

		51.57%

		2.065

		.

		9.000

		18.583

		0.029







The analysis was carried out using the standardized mean difference as the outcome measure. A random-effects model was fitted to the data. The amount of heterogeneity (i.e., tau²), was estimated using the DerSimonian-Laird estimator (Dersimonian 1986). In addition to the estimate of tau², the Q-test for heterogeneity (Cochran 1954) and the I² statistic are reported. In case any amount of heterogeneity is detected (i.e., tau² > 0, regardless of the results of the Q-test), a prediction interval for the true outcomes is also provided. Studentized residuals and Cook's distances are used to examine whether studies may be outliers and/or influential in the context of the model. Studies with a studentized residual larger than the 100 x (1 - 0.05/(2 X k))th percentile of a standard normal distribution are considered potential outliers (i.e., using a Bonferroni correction with two-sided alpha = 0.05 for k studies included in the meta-analysis). Studies with a Cook's distance larger than the median plus six times the interquartile range of the Cook's distances are considered to be influential. The rank correlation test and the regression test, using the standard error of the observed outcomes as predictor, are used to check for funnel plot asymmetry.

A total of k=10 studies were included in the analysis. The observed standardized mean differences ranged from -0.5204 to 0.3499, with the majority of estimates being positive (60%). The estimated average standardized mean difference based on the random-effects model was \hat{\mu} = 0.0037 (95% CI: -0.1230 to 0.1304). Therefore, the average outcome did not differ significantly from zero (z = 0.0572, p = 0.9544). According to the Q-test, the true outcomes appear to be heterogeneous (Q(9)

= 18.5828, p = 0.0290, tau² = 0.0197, I² = 51.5680%). A 95% prediction interval for the true outcomes is given by -0.2991 to 0.3065. Hence, although the average outcome is estimated to be positive, in some studies the true outcome may in fact be negative. An examination of the studentized residuals revealed that one study (Zhang Shun) had a value larger than ± 2.8070 and may be a potential outlier in the context of this model. According to the Cook's distances, none of the studies could be considered to be overly influential. Neither the rank correlation nor the regression test indicated any funnel plot asymmetry (p

= 1.0000 and p = 0.9918, respectively).

Forest Plot
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Publication Bias Assessment

Test Name	value	p



		Fail-Safe N

		0.000

		0.449



		Begg and Mazumdar Rank Correlation

		0.022

		1.000



		Egger's Regression

		-0.010

		0.992



		Trim and Fill Number of Studies

		0.000

		.





Note. Fail-safe N Calculation Using the Rosenthal Approach



Funnel Plot
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General Linear Model -LOESS Regression (<1.5 mg/l F)
Exclude Zhang Shun; 72-30 data points from endemic areas = 42 data points (<1.5 mg/l F)


Analysis plot


Estimates and effect sizes for categorical predictors


95% Confidence Interval


Variable Level Estimate Lower Upper


Numeric Variables (Estimates reported are slopes/intercepts)        
Intercept   97.58 88.13 107.02
Slope: Fexposuredosage   -4.24 -18.3 9.82


 


Difference between factor levels for categorical predictors


95% Confidence Interval


Variable Comparison Difference Lower Upper Cohen's d


 


 


R² and semi-partial R² estimates


Source Estimate


model 0.00870
Fexposuredosage 0.00866
Correlation coefficient -0.09304


 












Association between Community Water Fluoridation and Children’s Intelligence: A Meta-analysis

2



ABSTRACT  



CONTEXT: According to expert committees, claims of fluoride neurotoxicity are not supported by evidence; however, two groups of researchers have advocated for reducing fluoride intake during pregnancy. 

OBJECTIVE: To determine the association between fluoride concentrations in community water fluoridation and children’s cognition or IQ scores by synthesizing effect sizes reported in observational studies. 

DATA SOURCES: A previous meta-analysis and the NTP database that included a search of multiple databases and the authors’ search of PubMed, Google Scholar, and Mendeley. 

STUDY SELECTION: Cross-sectional and cohort studies examining the association between fluoride in water or urinary fluoride and children’s cognition or intelligence.

DATA EXTRACTION: Two reviewers abstracted data using standard procedures.

RESULTS: Eight studies of standardized mean difference (SMD) in IQ scores from non-endemic fluorosis areas found no statistically significant difference in SMD between recommended and lower levels of fluoride exposure (SMD =0.07, 95% confidence interval: -0.02, 0.17; I2=0%; P=0.69). A meta-analysis of regression coefficients derived from four children’s contemporaneous spot urinary fluoride exposure studies was not statistically significant (Beta=0.25; 95% confidence interval: -0.36, 0.87; I2=9%; P=0.35). Similarly, spot maternal urinary fluoride was not associated with children’s cognition and IQ scores (Beta=-0.92; 95% confidence interval: -3.30, 1.46; P=0.45; I2=76%; P=0.03).

LIMITATIONS: All are observational studies; most studies used convenience sampling and ecological exposure assessment or spot urinary fluoride measure of uncertain validity; covariate adjustment was none or weak in most studies.  

CONCLUSIONS: These meta-analyses show that CWF is not associated with lower IQ scores in children. 

Key Words: Fluoride, Fluoridation, Urinary fluoride, Endemic fluorosis, children’s intelligence, IQ. 


Fluoride in drinking water has beneficial effect at lower concentrations and detrimental effects on human health at higher concentrations. The American Academy of Pediatrics supports the Community Preventive Services Task Force (CPSTF) and the U.S. Preventive Services Task Force (USPSTF) recommendations for fluoride use to prevent tooth decay.1–3 The U.S. Environmental Protection Agency has set the maximum contaminant level of fluoride in drinking water at 4 mg/L to protect against dental and skeletal effects.4 The WHO guideline value for fluoride in drinking water is 1.5 mg/L.5 The U.S. Public Health Service recommends 0.7 mg/L F in drinking water to protect against tooth decay.6 Because community water fluoridation reaches more than 207 million Americans, its benefits and safety are continually debated.7,8 The National Toxicology Program (NTP) published a draft report of a systematic review with meta-analyses of fluoride exposure and neurodevelopmental and cognitive health effects.9–11 A National Academies of Sciences, Engineering and Medicine (NASEM) committee’s reviews of the NTP’s draft monograph found that it “fell short of providing a clear and convincing argument that supported its assessment that fluoride is a presumed neurodevelopmental hazard.”12 This appraisal aligns with several other systematic and narrative reviews of the effect of fluoride on neurodevelopmental and cognitive outcomes. 13–21

Three published meta-analyses of fluoride and neurodevelopmental hazard in humans from mostly endemic fluorosis areas compared the mean IQ scores between higher and lower fluoride exposure groups.22–24  Duan et al.24 conducted a meta-analysis of standardized mean difference in IQ scores between higher water fluoride communities (Mean F=3.7 mg/L) and normal fluoride communities (Mean F=0.6 mg/L F). The summary results based on 26 studies indicated that high water fluoride exposure was associated with lower intelligence levels (standardized mean difference: -0.52; 95% CI: -0.62 to -0.42; P < 0.001). However, there was substantial heterogeneity (I2=69.1%; P < 0.001). The NASEM committee urged NTP to “emphasize that much of the evidence presented comes from studies that involve relatively high fluoride concentrations and that the monograph cannot be used to draw conclusions regarding low fluoride exposure concentrations (less than 1.5 mg/L), including those typically associated with drinking water fluoridation.”12 However, the previous meta-analyses did not assess the association between fluoride concentration in community water fluoridation and children’s intelligence scores. Therefore, the authors posed this question (Table 1): “Does fluoride exposure recommended for caries prevention defined in three ways (i.e., an ecological measure based on place of residence and an F concentration from children’s and maternal urine samples) decrease children’s cognition or IQ scores?” 

TABLE 1 Population-Intervention-Comparison-Outcome-Time Summary Statement

		Study population 

		Children 



		Intervention/exposure

		Fluoride in drinking water (less than ~1.5 mg/L F) or urine samples.  



		Comparison

		Two groups with higher and lower fluoride exposure; Change in IQ scores for 0.5 mg/L increase in urinary F



		Outcomes

		Children’s cognition or IQ score



		Time

		Studies published through December 2021



		Setting

		Children from nonendemic fluorosis areas (less than the WHO guideline value ~1.5 mg/L F)



		Study design

		Observational studies 







METHODS

Literature Search 

We started with 26 studies identified by Duan et al24 for relevant published articles through November 2016. However, one study could not be located (Wang GH 2012). We then used a literature search conducted by NTP as part of the report titled Draft NTP Monograph on the Systematic Review of Fluoride Exposure and Neurodevelopmental and Cognitive Health Effects. It included the database search of BIOSIS (Thomson Reuters), EMBASE, PsycINFO (APA PsycNet), PubMed (NLM), Scopus (Elsevier), Web of Science (Thomson Reuters, Web of Science indexes the journal Fluoride), and supplemental Chinese database literature search using CNKI and Wanfangan information until May 2020.9 In addition, the authors updated the search using PubMed, Mendeley, and Google Scholar to identify English-language documents published between May 2020 and January 2021.  

Study Selection

Studies were included if they met the following criteria: (1) the exposure variable included water or urinary F; (2) outcomes included information to calculate the standardized mean difference and/or regression coefficient for the change in cognition or IQ scores; (3) the study design was an observational study; (4) the article was available in English; (5) the population was children ages 1 to 18 years old. 

Studies were excluded if they met any of the following criteria: 1) studies conducted in endemic fluorosis areas where the higher exposure was greater than 1.5 mg/L F; 2) the exposure variable was other than water or urinary F. We excluded studies that used dental fluorosis as exposure because moderate and severe dental fluorosis are not frequent in fluoridated areas; 3) overlapping publications from the same study. When multiple publications analyzed the same subjects, we included only the article with the most significant number of participants. Two authors reviewed each potentially eligible study, and a consensus approach resolved disagreements. 

Data extraction

Two authors abstracted data from the eligible studies using a standard form. For the SMD analysis, the following information was extracted: authors, publication year, study type, age range, fluoride exposure (range and mean), outcome measure, number of children in higher and lower exposure groups, mean IQ, and standard deviation. Where the SE was not available, the authors used the method recommended by the Cochrane Handbook for converting confidence intervals and P values to SE.  

For the urinary fluoride analysis, the following information was extracted: authors, publication year, study type, urinary fluoride exposure range, outcome measure and covariates. In addition, the Beta coefficient data for every 0.5 mg/L increase in urinary F and its standard error (SE) from the multiple regression equation was abstracted for the two analyses. The difference in mean maternal urinary F between fluoridated and non-fluoridated areas in Canada was approximately 0.30 mg/L F (0.69 mg/L vs. 0.40 mg/L).25 

Data Synthesis 

Standardized Mean Difference (SMD) in IQ scores 

For this meta-analysis, eight studies in areas with fluoride exposure in drinking water below ~1.5 mg/L F (nonendemic areas) were available (Table 1). These studies provided fluoride levels, mean IQ scores, sample size, and standard deviation for calculating the pooled effect size. In addition, Ibarluzea et al provided the mean IQ scores, sample size, and standard deviation for their study. The authors excluded studies where the description of subject recruitment, exposure assessment, and the outcome was not provided. The characteristics of studies included in the meta-analysis are shown in Table 2.

Urinary fluoride and IQ 

The authors conducted two separate analyses using CUF and MUF to juxtapose studies with similar exposure measures. While four studies provided CUF-associated regression coefficients,26–29 only three used MUF to assess exposure.25,26,30 For the CUF meta-analysis, multiple publications from a study conducted by Yu et al 27 in Tianjin, China, were excluded. That study provided a regression coefficient for exposure in the 0.01 to 1.6 mg/L F range. Xu et al28 also provided a regression coefficient for CUF <1.7 mg/L F. For the MUF meta-analysis, the author included the General Cognitive Index (GCI) coefficient from the Bashash et al26 study instead of the non-linear association coefficient for MUF and IQ with a threshold of 0.8 mg/L F or 1 mg/L F for 6-12-year-old children. For the Ibarluzea et al publication, the authors chose the MUFcr (mg/g) at week 12 associated coefficient, as it was combined for boys and girls. The characteristics of studies included in the meta-analysis are shown in Tables 2-5. 

Risk of Bias and Quality assessment

Two authors assessed the risk of bias and study quality reported in the previous systematic reviews. Based on this assessment, we adapted the Office of Health Assessment and Translation (OHAT) Risk of Bias Rating Tool (RoB) and included six questions relevant for cross-sectional studies. A detailed explanation of the RoB assessment is presented in Supplemental Table 5. Except for two population-based cohort studies and one cross-sectional study, all studies used convenience sampling. Only 10 out of 30 studies were published in a Medline indexed journal. The SMD IQ analysis used a cross-sectional, ecological exposure study design. In particular, studies that selected clusters of subjects from cities/villages/prenatal clinics/schools did not account for the cluster design effect in the analysis, thus underestimating the standard error. Further, all studies presented only unadjusted mean IQ scores. Thus, the mean IQ and SE estimates are likely biased, leading to Type I error. Furthermore, the studies did not include inter-and intra-rater reliability of IQ scores. One study (Bashash et al) did not report all outcomes measured.31 

Statistical analysis

We performed three meta-analyses: 1) SMD in IQ scores between children in higher fluoride nonendemic areas (less than ~1.5 mg/L F in drinking water or its equivalent exposure; WHO guideline value) and lower fluoride exposure groups based on studies that used group-level exposure; 2) a meta-analysis of the effect (Beta regression coefficient) of 0.5 mg/L F increase in urinary fluoride on IQ scores based on studies that used children’s urinary F exposure (CUF); 3) a similar meta-analysis using spot maternal urinary fluoride (MUF). We used the Cochrane Review Manager (RevMan) and the R software. 

The random effects model was used for calculating the pooled SMD in unadjusted IQ scores. In addition, the urinary fluoride-IQ meta-analysis is also based on a random-effects model. Publication bias was assessed. 

RESULTS 

Overall, 29 studies (33 comparisons) were available. Eight publications from lower fluoride areas were included in the meta-analyses of recommended F and lower F areas. One study was a prospective population-based birth cohort of children born in Gipuzkoa, Spain.30 Two studies of prospective cohorts of pregnant women (Mexico and Canada) were secondary data analyses based on convenience sampling 26,32 One was a longitudinal investigation of the health and behavior of a complete birth cohort from New Zealand.33 One primary data analysis study of cross-sectional design from China used probability sampling.27 Two primary data analysis studies of cross-sectional design from India and China used purposive sampling.28,34 All studies included in the Duan et al.24 meta-analysis were cross-sectional studies and used convenience sampling. Except for the Mexico study, the primary source of fluoride was drinking water.

Pooled SMD estimates 

Figure 2 shows that the pooled SMD effect size of 0.07 (95% confidence interval: -0.02, 0.17), favoring higher F, was not statistically significant (P=0.15) in nonendemic areas. Furthermore, there was no observed heterogeneity (I2=0%; P=0.69). This estimate contrasts with an effect size of -0.44 (95% confidence interval: -0.56, 0.32) with substantial heterogeneity (I2=84%; P<0.00001) for studies from endemic areas. A 95% prediction interval for the true outcomes is    -0.9594 to 0.0819. Hence, although the average outcome is estimated to be negative, the true outcome may be positive in some studies.

Population exposure dose differential (PEDD) and IQ scores

A scatter plot of 26 (studies to assess if fluoride exposure dose differential expressed as the difference between higher and lower fluoride groups and the SMD can explain the heterogeneity in the effect size showed a non-linear relationship (Supplemental Fig A). A meta-regression analysis of SMD of 8 studies from nonendemic areas showed that PEDD was not associated with SMD (Wald test: p-value = 0.53) (Figure 3). (USE the linear model or DESCRIBE THE SPLINE REGRESSION HERE). Further analysis by standardizing the 16 absolute IQ scores from these studies did not show a relationship between dose and IQ scores at fluoride concentration below 1.5 mg/L (Model Likelihood Ratio Test: p-value = 0.5748) (Supplemental Fig B). OR Replace with LOESS Regression Scatterplot with 42 data points below 1.5 mg/L F.  



Children’s Urinary Fluoride

Figure 4 shows the change in pooled IQ score of 0.25 points (95% confidence interval: -0.36, 0.87) for every 0.5 mg/L increase in children’s urinary F was not statistically significant (P=0.42). None of the regression coefficients were statistically significant among the four studies analyzed. There was no observed heterogeneity (I2=9%; P=0.35). 

Maternal Urinary Fluoride

Figure 5 shows that the change in pooled GCI and IQ scores of -0.92 (95% confidence interval:  -3.30, 1.46) was not statistically significant (P=0.45). However, the substantial heterogeneity (I2=72%; P=0.03) implies that significant discrepancies exist among studies, and therefore the studies are not combinable.



Sensitivity analyses

In addition, sensitivity analyses by including and omitting other coefficients or studies each time did not influence the interpretation of the pooled regression coefficient outcome, suggesting that the lack of an effect was credible (Table 4).

Publication Bias

The visual inspection of the funnel plot (Supplemental Fig ) suggests symmetry; however, the regression test indicated funnel plot asymmetry (p = 0.0249) but not the rank correlation test (p = 0.3419) for the studies in the endemic areas but not for studies in nonendemic areas.

DISCUSSION

The meta-analyses of children’s fluoride exposure to levels below 1.5 mg/L in water provide consistent evidence of lack of an adverse effect on IQ. These results are consistent with the zero effect of fluoride on cognitive ability recently reported by Aggeborn and Ohman,35, which included 80,000 observations. In evaluating the studies from endemic fluorosis areas, one should recognize that, unlike in fluoridated communities, the long-term exposure measurement in naturally occurring F in drinking water is unreliable because it is based on one or two samples taken occasionally for census purposes. Furthermore, when comparing studies from China with those in Western countries, it should be noted that fluoride intake from water in many regions of China is 2 to 2.5 times higher than in the U.S.36,37  For example, Hong Kong fluoridates its water supply at 0.5 mg/L F whereas the equivalent exposure in the Western countries is in the 0.7 to 1.0 mg/L F range.38 

SMD analysis comparing higher and lower exposure groups  

The finding of no adverse effect at lower F levels is not consistent with the meta-analysis of studies at higher F levels. Compared with the SMD effect size estimates of -0.45 and - 0.52 from higher fluoride areas reported by Duan et al24 and Choi et al23, respectively, the SMD effect size in this analysis was positive (SMD = 0.07). Several possible explanations exist for the effects observed in studies conducted in endemic fluorosis areas of China, Iran, and India. First, most studies were conducted in rural and economically deprived areas based on a small, convenience sample of children, and blind assessment of IQ was not a study feature. The higher IQ parents and families might have avoided high fluoride water or migrated out of the endemic fluorosis areas to escape the debilitating effects of skeletal fluorosis. Alternatively, they may have left the region because of governmental policies to relocate the labor force to cities. Therefore, comparing IQ scores between endemic fluorosis rural areas with lower fluoride areas would seem inherently fallacious. Second, the exposure dose is much higher in endemic areas than in communities where water is optimally fluoridated. Further, there may be a population threshold effect for IQ similar to that of severe dental fluorosis in the U.S. Several studies have observed non-linear associations and a possible threshold for an IQ effect.26–28 Third, the studies of lower F included in this meta-analysis were mainly conducted after 2014. Ioannidis 39 found that effect sizes for many associations, when first discovered and published in the scientific literature, are often inflated and do not reflect the smaller effect sizes reported later. He attributes this to the fact that the “hallmark of discovery is the performance of exploratory analyses.” Fourth, the selection bias, underestimation of the standard error, and unweighted data from complex surveys have distorted the effect.12 Fifth, the consistent finding of association in the SMD meta-analyses of studies conducted in endemic areas prior to 2014 is likely spurious in the absence of an explanation of the mechanism of action. Egger et al40 showed a danger in conducting such metaanalyses of observational data because they may produce precise but equally spurious results. Thus far no cogent explanation has emerged for the mechanism of action of fluoride on neurodevelopmental effect. Finally, publication bias is another possible explanation for the effects observed in the previous meta-analyses. The unpublished data showing a beneficial effect of fluoride on IQ in a study conducted by Thomas in Mexico supports the potential for bias.31 On the other hand, China has incentives to publish only “positive” statistically significant results.41 



Meta-analysis of spot CUF as a measure of children’s fluoride exposure: Postnatal effect

The lack of an adverse effect of fluoride when CUF was used in these studies from nonendemic areas that included higher levels of fluoride than recommended for community water fluoridation suggests that pursuing this line of research with fluoride in drinking water or CUF as exposure measures is not likely to show adverse effects in fluoridated communities (0.7 mg/L F). We selected CUF for the urinary fluoride meta-analysis because it is a direct measure of fluoride exposure to the developing brain. In addition, it likely reflects both prenatal and postnatal exposure if children are lifelong residents of a community. Green et al32 found that mean urinary fluoride levels among children were very similar to those of their mothers (averaged across pregnancy) in both fluoridated (child: 0.66 mg/L; maternal: 0.71 mg/L) and non-fluoridated (child: 0.42 mg/L; maternal: 0.41 mg/L) areas. 

Meta-analysis of spot MUF as a proxy for fetal fluoride exposure: Prenatal effect

Three studies that used MUF as a proxy for fetal fluoride exposure showed inconsistent results (Figure 4, Table 3). Ibarluzea et al 30 could not replicate the previous study findings of association. Instead, they found that fluoride exposure during pregnancy increased IQ across all domains among boys. Even at higher fluoride levels (CUF >1.7 mg/L F), Xu et al 28 found that when children had high prenatal exposure (mothers living in areas with drinking water F > 1mg/L), IQ scores did not decrease with increasing F levels. 

In evaluating the individual studies, one must consider the convenience sample used and the presence of extreme values. Because salt is the source of fluoride in the Mexico study, a high fluoride diet in pregnancy resulting from high salt intake may be confounded by other unhealthy habits. However, the most likely explanation for the conflicting and inconsistent results among publications is that spot MUF is not a reliable and valid proxy biomarker of fetal fluoride exposure.42,43 The limited available data confirms this finding because Thomas et al 42 reported a weak correlation between MUF and maternal plasma fluoride during the early stage of pregnancy (Spearman correlation coefficient 0.29; P =0.004) and a weak negative correlation in the late stage of pregnancy (Spearman correlation coefficient -0.24; P=0.07) in the ELEMENT cohort. A multiple regression analysis did not show an association between spot MUF and maternal plasma fluoride. Maternal plasma fluoride levels were ~40 times lower than urinary fluoride levels. Gedalia et al44,45 found that the fluoride content of the bones and teeth of the fetuses from areas with approximately 1 mg/L of fluoride, compared to that of areas with 0.5 mg/L, were similar. When the cord blood fluoride was compared between low (<0.15 mg/L) and high (>0.6 mg/L) fluoride exposure groups, there was no significant difference in the mean fluoride values of the cord blood (low fluoride CBF =0.165 mg/L, SD =0.07, high fluoride CBF 0.175 mg/L, SD=0.05).

The lack of an adverse effect in human studies is consistent with the NTP animal study, which was designed to address the developmental neurotoxicity of fluoride equivalent to the Maximum Contaminant Level of 4 mg/L in the U.S. There were no exposure-related differences in motor, sensory, or learning and memory performance in male rats.46 

Strengths and limitations

The strength of these analyses is that the approach used is similar to those that found consistent findings of association from studies conducted in endemic fluorosis areas. In addition, we used three different exposure measures, including individual-level measures. This method also allows a direct comparison of the effect size with the Choi et al23 and Duan et al24 SMD meta-analyses of endemic fluorosis areas; however, the number of available studies for inclusion in this meta-analysis was small. The urinary fluoride meta-analysis takes advantage of adjusted Beta regression coefficients derived from individual-level exposures. Although the authors did not find an adverse effect of fluoride on IQ in this meta-analysis of SMD, it is important to recognize the limitations of this approach. The SMD analysis methodology is designed for data derived from randomized clinical trials where the treatment and control groups are likely to be similar with respect to known and unknown variables. This similarity is unlikely to be the case when applied to observational studies, especially when the mean IQ scores presented are unadjusted for covariates. In addition, these studies employed disproportionate sampling and did not account for the design effect associated with complex survey design. Furthermore, this is a cross-sectional analysis based on ecological exposure data, a feature of the study that renders it to the lowest level in the hierarchy of evidence for assessing causal association. Therefore, this approach poses threats to the internal and external validity of the studies conducted in high fluoride areas, likely resulting in false-positive findings. 

There are also limitations to the meta-analysis of pooling the effects of urinary fluoride studies. Fluoride has a short half-life. Riddell et al47 found that urinary fluoride levels varied substantially depending on participant behavior prior to sampling. Therefore, spot urinary fluoride is not a valid biomarker of long-term exposure. There is consensus that one urine sample is generally insufficient for properly characterizing exposure.48 At best, an average total daily fluoride intake may be estimated from the average daily urinary fluoride excretion at a group level.43 

There are other limitations with the urinary fluoride and IQ analysis. First, not all investigators adequately accounted for urinary dilution and postnatal exposure. Second, the covariates included in the regression models varied in different studies. For example, the Bashash and Ibarluzea studies included maternal IQ as a covariate, other studies did not include this critical variable. Finally, many studies did not account for the hierarchical structure of the data. Consistent with the “early discovery” exploratory analysis, caution is required when interpreting publications that have explored multiple exposure and outcome measures, multiple models, multiple testing using convenience sampling, and sub-group analyses after examining the data outputs and selective reporting, all of which have been shown to produce false positive results. In addition, because secondary data analysis provides analytical flexibility, it is susceptible to biases that could lead to different conclusions depending on the analytical approaches used.49 

Future direction for research 

These weaknesses in existing evidence and a need for confirmatory studies raise the questions for research institutions of whether to support additional research and, if so, what type. A central issue is whether the fluoride-IQ studies can validly measure long-term exposure to prenatal and postnatal fluoride and relevant confounding variables and covariates to detect a difference of 1or 2 IQ points, which is also not easy to measure reliably. In addition, it is well known that the findings of secondary data analysis using convenience samples or cross-sectional studies are not as reliable as that of randomized clinical trials in establishing a causal relationship. Huang50 highlighted the problem of selection bias and convenience sample as major inferential threats in the UK Biobank and other big data repositories-based studies. Animal studies may be undertaken to assess the effect of fluoride on neurodevelopment; however, the previous high-quality study conducted by NTP researchers did not show an effect at lower fluoride exposure levels. 46 Because the challenges of conducting observational studies to establish a cause-and-effect relationship in nonendemic fluoride areas may be insurmountable, a better approach is to conduct interventional studies in endemic fluorosis areas of China and India to test the fluoride-IQ hypothesis. These studies would provide an opportunity to assess the outcome of reducing fluoride exposure on purported neurodevelopmental and cognitive health effects at high fluoride levels. 

CONCLUSIONS

These meta-analyses show that fluoride exposure at the concentration used in community water fluoridation is not associated with lower IQ scores. However, the reported association observed at higher fluoride levels in endemic areas of China and India requires further investigation. Uncritical acceptance of fluoride-IQ studies, including non-probability sampling, inadequate attention to accurate measurement of exposure, covariates and outcomes, and inappropriate statistical procedures, has hindered methodological progress. Therefore, the authors urge a more scientifically robust effort to develop valid prenatal and postnatal exposure measures and to use interventional studies to investigate the fluoride-IQ hypothesis in populations with high fluoride exposure.  
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