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In water and wastewater
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Vot s N 2itrosodimethytamine (NDMA), a probatie buman carcinogen,
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dose. In addition, the study showed that several ion - ‘
exchange resins can leach NDMA into drinking water.

R | Given that NDMA & classificd as a probable human carcinogeg

nogen by the US
> - | Eavironmenta Protection Agency and will likely be assigned a maximum,
‘| contaminant leve] in the near future, water suppliers may want to rethink

Weatment processes that cencourage NDMA formation. Utilities considering

converting to chloramine as 3 disinfectant should seriously evaluate NDMA .
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Washington Fires Health Chief Over Handling of Lead in Water

By BRIAN WINGFIELD

WASHINGTON, March 26 ~ With
concern growlng over unsale lead
leyels ln the drinking water here, city
ollicials blamed Lhe federal govern-
ment 1his weelt tor Lhe problem. On
Friday, the city {ired the head of the
Health Department because, the off):
cials” gald, he had In part nol ad
equately responded ta the problem,

The mayor’s oflice acknowledged
that it had dismissed James A. Bu-
ford, the health divector, and re;

placed hitn with an interlm dquctor}*

Herbert R. Tillery. the deputy mayor
for operations.

The District of Columbia Water
and Sewar Autharity, the water dis.
tributor, says Mr, Buford falled to
respond to & Tequest in December to
heip inform the public about the lead.

Mr. Bulord's phone number wgs
not avallable far seeking comment,

Officlals say that 4,000 houses
have shown high levels in tests and
that addhlonnl thousands might be

allected. The officlnls sald they had
tiaced the source ol the provie

sirengthenng the chior! addin
ammonia,_which leads o lead leach-

ing {rom water pipas.
- i]ayor Anthony A Willlams and

COPY AND PASS ON

other municipal otlicials {aulted the
Army Corps of Engineers, which
used the ammonla, and the federal
Environmental Protection Agsucy,
which meonitors the watsr gystem.
City officlals have asked che lederal
government to reimburse it for near.
ly $26 mililon spent’ an replecing
pipes, testing and other expenses.

1t would be wholly inappropriate
and unjust for the people of the dis-
trict to bear these cosis,” Mr. Wil
ljams, a Democrat, and Carol
Schwartz, the op Republican on the
City Council, wrote t President
Bush this week.

At fIrst, the water authority sald
the problem was limited lo 23,000
houses with aging lead pipes. Offl-
clals say thal the number could
increase and thai because of poor
record keeping they were not.sure
how many houses had lead pipes.

1n recent week, oflicials In coun-
ties in Maryland -and Virginie have
begun \esting thelr drinking water.

According to the Centers for Dis-
ease Control mnd Preventlon, lead

tsonlng cAn cause IeﬂmmE belinv.
iora] milelt qro emsF cluding

‘Selziires an Eosa y death, In young’
ghildren. Adul Its {nce less visk hut are

e-mail: KWATI@ SBCGLOBAL.net

) o e ——— ——

also susceplible Lo lead conlamina-
tion,

Wayor Willams's office ordered
the water authority last week to de-
liver free water (llers to all 23,000
homes known to have lead pipes, The
deliveries are gupposed to be com-
pleted by April 10.

The Health Department has also

screened the blood ol nearly 2,000
people, a spokesman for Mr. Wil
l{ams, Tony Bullock, said.

This month, the envirohmental
agency told the clty to adopt new
gutdeltnes to respond o the contaml-
natlon. The agency has formed a
panel to [ind the cause of the prob-
lem and to release its [indings ‘on
Wednirsdny.

“our prlimacy ~oncera 13 to make

sure the estlimated 23,000 homes wd
businesses with leed service llues
recelve safe drinkbig waler,” a
spokeswoman for the agency, Cyn
thia Bergman, said in a statementl
“\Ve need 10 identify the cause of the
problem before we decide who pays

{or what."

Some critics sald the federal gov-
ernment was not being held accounl-
able enough for the situation.

""The origin and the responsibilily
for D.C.'s water crisls lles wilh the
federal gavernmeni,” sald Eleanor
Holmes Norton, the city's nonvoting
delegate lo Congress,

Ms. Norton sald tho federal gov-
ernment should declare a staie of
emergency, so federal money could
be varimarked lor the waler fyster.

Dr. Winn Parker Ph.D. (MT)
P.O. Box 864
Millbrae, California 94030

———— e




7 BOC GASES

MATERIAL SAFETY DATA SHEET

[FRODUCT NAME: AMNONA

1. Chemical Product and Company Identification

BOC Gases,

Division of

The BOC Group, Inc.
575 Mountain Avenue
Murray Hill, NJ 07974

TELEPHONE NUMBER: (908) 464-8100
24-HOUR EMERGENCY TELEPHONE NUMBER:
CHEMTREC (800) 424-9300

PRODUCT NAME: AMMONIA
CHEMICAL NAME: Ammonia

BOC Gases

Division of

BOC Canada Limited

5975 Falbourne Street, Unit 2
Mississauga, Ontario L5R 3Wé

TELEPHONE NUMBER: (905) 501-1700

24-HOUR EMERGENCY TELEPHONE NUMBER:
(905) 501-0802

EMERGENCY RESPONSE PLAN NO: 20101}

COMMON NAMES/SYNONYMS: Ammonia Anhydrous; Anhydrous Ammonia

TDG (Canada) CLASSIFICATION: 24 (9.2)
WHMIS CLASSIFICATION: A,E

PREPARED BY: Loss Control (908)464-8100/(905)501-1700

PREPARATION DATE: 6/1/95
REVIEW DATES: 7/1/96

2. Composition, Information on Ingredients

" INGREDIENT - -] % VOLUME -]~ " PEL-OSHA™ " TLY-ACGIH" "5 07 LCsa
Ammonia 100.0 50 ppm TWA 25 ppm TWA LCso
FORMULA: NH; . 35 ppm STEL 2000 ppm/4H
CAS: 7664-41-7
RTECS #: BO0875000

" As stated in 29 CFR 1910, Subpart Z (revised July 1, 1993)

2 As stated in the ACGIH 1994-95 Threshold Limit Values for Chemical Substances and Physical Agents

3. Hazards Identification

Irritating or-coirosive to-exposad tissues: ‘Ink
chemical preumonitis, Slightly flammable.

\CY.QVERVI

vagors'may result in pulmonary edema and . -

MSDS: G-11
Revised: 7/1/96
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[PRODUCT NAME. AMMONIA

ROUTE OF ENTRY:
Skin Contact Skin Absorption Eye Contact Inhalation Ingestion
Yes No Yes Yes No
HEALTH EFFECTS:
Exposure Limits Irritant Sensitization
Yes Yes No
Teratogen Reproductive Hazard Mutagen

No No Yes
Synergistic Effects
None Reported

Carcinogenicity: -- NTP: No IARC: No OSHA: No

EYE EFFECTS:
Mild concentrations of product will cause conjunctivitis. Contact with higher concentrations of product will
cause swelling of the eyes and lesions with a possible loss of vision.

SKIN EFFECTS:

Mild concentrations of product will cause dermatitis or conjunctivitis. Contact with higher concentrations of .
product will cause caustic-like dermal bums and inflammation. Toxic level exposure may cause skin lesions
resulting in early necrosis and scarring.

INGESTION EFFECTS: .
Since product is a gas at room temperature, ingestion is unlikely.

INHALATION EFFECTS:

Corrosive and irritating to the upper respiratory system and all mucous type tissue. Depending on the
concentration inhaled, it may cause burning sensations, coughing, wheezing, shortness of breath, headache,
nausea, with eventual collapse.

Inhalation of excessive amounts affects the upper airway (larynx and bronchi) by causing caustic-like burning
resulting in edema and chegnical pneumonitis. If it enters the deep lung, pulmonary edema will result.
Pulmonary edema and chemical pneumonitis are potentially fatal conditions.

NFPA HAZARD CODES HMIS HAZARD CODES RATINGS SYSTEM
Health: 3 Health: 3 0 = No Hazard
Flammability: 1 Flammability: 1 1 = Slight Hazard
Reactivity: 0 Reactivity: 0 2 = Moderate Hazard

3 = Serious Hazard
4 = Severe Hazard

MSDS: G-1!
Revised:. 7/1/96 Page 2 of 7
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Review

Developmental Fluoride Neurotoxicity: A Systematic Review and Meta-Analysis
Anna L. Choi,’ Guifan Sun,? Ying Zhang,? and Philippe Grandjean*

‘Department of Environmental Health, Harv

ard School of Public Health, Boston, Massachusetts, USA; 2School of Public Health, China

Medical University, Shenyang, China; 3School of Stomatology, China Medical University, Shenyang, China; YInstitute of Public Health,
University of Southern Denmark, Odense, Denmark

~BACKGROUND: Although fluoride may cause -

icity in | models and acute Auoride

- pojsoning causes neurotoxicity in adulis, very hittle is known of its effects on children’s neuro-

dgye_lqpmqnt.

- OBJECTIVE: We performed a systematic review and meta-analysis of published studies to investigate
the effécts of increased Huoride exposure and delayed neurobehavioral development. :
MI-.THODS We Sqﬁ(ehed the MEDLINE, EMBASE, Water Resources Abstracts; ‘and TOXNET
databases through 2011 for eligible studies. We also searched the China National Knowledge

Infrastructure (CNKI) database, becatisc many studics on Aueride neurotoxicity have been pub-
lished in- Chinese journals enly. In total, we identified 27 cligible epidemiological studies with high

and référence exposures, end points of IQ scores,
and ‘variances:for the two exposute groups. Usi:

dardized mean ditference between exposed and

or related cognitive function mieasures with means
ng random-effects iodels, we estimated the stan-
reference groups across all studies. We condueied

sensitivity analyses restricted to studies using the sanie outcome assessmeni and having drinking-

“water fluoride-a« the only sxposure. We pesformed the Cochran test for hetcrogeneity between stud-
ies, Begg's funnel plot, and Egger test to assess publication bias, and conducted meta-regressions to
explore sources of variation in mean differences among the studies.

. RESULTS: The standardized weighted mean difference in 1Q seore between exposed and reference

“popitlations was —0.45 (95% confidence interval- —0.56, -0.35) nsing a random-zfects model.
Thus, children in high-flucride areas had significandy lower 1) scores than those who lived in lov-
fluoride areas. Subgroup and sensitivity analyses also indicated iaverse associations, although the
‘substanitial heterogeneity did pot appear to decrease.

CoNcLUSIONS: The results support the possibility of an adverse effect of high fluoride exposure on
children’s neurodevelopment. Future research should inclade detailed individual-level information
'b_n prenatal exposure, neurobehavioral performance. and covariates for adjusiment.

Key WORDS: fluoride, intelligence, ncurotoxicity. Environ Health Perspect 12-0:]362—1368

(2012). hrep:/idx doi.org/10.1289/ehp. 1104912

A recent report from the National Research
Council (NRC 2006) concluded thar adverse
effects of high fluoride concentrations in
drinking water may be of concern and thar
additional research is warranted. Fluoride may
cause neurotoxicity in laboratory animals,
including cffects on learning and memory
(Chioca et al. 2008; Mullenix et al. 1995). A
recent experimental study where the rar hip-
pocampal neurons were incubared with vari-
ous concentrations (20 mg/L, 40 mg/L, and
80 mg/L) of sodium Auoride in vitro showed
that fluoride neurotoxicity may target hip-
pocampal neurons (Zhang M et al. 2008).
Although acute fluoride poisoning may be
neurotoxic to adults, most of the epidemio-
logical information available on associations
with children’s neurodevelopment is from
China, where fluoride generally occurs in
drinking water as a natural contaminant, and
the concentration depends on local geologi-
cal conditions. In many rural communities
in China, populations with high exposure to
fluoride in local drinking-water sources may
reside in close proximity to populations with-
out high exposure (NRC 2006).
Opportunities for epidemiological stud-
ies depend on the existence of comparable
population groups exposed to different levels
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of fluoride from drinking water. Such cir-
cumstances are difficult to find in many
industrialized countries, because fluoride con-
centrations in community water are usually
no higher than 1 mg/l., even when fluoride
is added o water supplies as a public health
measure to reduce tooth decay. Multiple epi-
demiological studies of developmental fluo-
ride neurotoxicity were conducted in China
because of the high Ruoride concencracions
that are substantially above 1 mg/L in well
water in many rural communities, although
microbiologically safe water has been acces-
sible to many rural houscholds as a result of
the recent 5-year plan (2001-2005) by the
Chinese government. It is projected that all
rural residents will have access to safe public
drinking water by 2020 (World Bank 2006).
However, results of the published studies have
not been widely disseminated. Four studies
published in English (Li XS er al. 1995: Lu
et al. 2000; Xiang et al. 2003; Zhao et al.
1996) were cited in a recent report from the
NRC (2006), whereas the World Health
Organization (2002) has considered only wo
(Li XS et al. 1995; Zhao et al. 1996) in its
most recent monograph on fAuoride.
Fluoride readily crosses the placenta
(Agency for Toxic Substances and Disease

Registry 2003). Fluoride exposure to the devel-
oping brain, which is much more susceptible
10 injury caused by toxicants than is the mature
brain, may possibly lead to permanent damage
(Grandjean and Landrigan 2006). In response
to the recommendation of the NRC (2006),
the U.S. Department of Health and Human
Services (DHHS) and the U.S. EPA recently
announced that DHHS is proposing to change
the recommended level of fluoride in drinking
water to 0.7 mg/L from the currently recom-
mended range of 0.7-1.2 mg/L, and the U.S.
EPA is reviewing the maximum amount of
Auoride allowed in drinking water, which cur-
rently is set at 4.0 mg/L (U.S. EPA 2011).

To summarize the available literacure,
we performed a systematic review and mera-
analysis of published studies on increased
Huoride exposure in drinking water associated
with neurodevelopmental delays. We specifi-
cally targeted studies carried out in rural
China that have not been widely disseminated,
thus complementing the studies that have
been included in previous reviews and risk
assessment reports.

Methods

Search strategy. We searched MEDLINE
{National Library of Medicine, Bethesda, MD,
USA; h[tp://www.ncbi.nlm.nih.gov/pubmed),
Embase (Elsevier B.V., Amsterdam, the
Netherlands; heep://www.embase.com), Water
Resources Abstracts (Proquest, Ann Arbor,
MI, USA; hup://www.csa.com/factsheets/
water-resources-set-c.php), and TOXNET
(Toxicology Data Network; National Library
of Medicine, Bethesda, MD, USA; htep://tox-
net.nlm.nih.gov) databases to identify studies
of drinking-water fluoride and neurodevel-
opmental outcomes in children. In addition,
we searched the China National Knowledge
Infrastructure (CNKI; Beijing, China; huep://
www.cnki.net) database to identify stud-
ies published in Chinese journals only. Key

Address correspondence 1o A.L. Choi, Department
of Environmental Health, Harvard School of Publjc
Health, Landmark Center 3E, 401 Park Dr., Boston,
MA 02215 USA. Telephone: (617) 384-8646. Fax:
(617) 384-8994. E-mail: achoi@hsph.harvard.edu

Supplemental Material is available online (huep://
dx.doi.org/10.1289%/ehp.1104912).

We thank V. Malik, Harvard School of Public Health,
for the helpful advice on the meta-analysis methods.

This study was supported by internal institutional
funds.

The authors declare they have no actual or potential
vompeting financial interests.
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words included combinations of “fuoride” or
“drinking water fluoride,” “children,” “neu-
rodevelopment” or “neurologic” or “intelli-
gence” or “1Q.” We also used references cited
in the articles identified. We searched records
for 1980-2011. Our literature search iden-
tified 39 studies, among which 36 (92.3%)
were studies with high and reference expo-
sure groups, and 3 (7.7%) studies were based
on individual-level measure of exposures. The
larter showed that dose-related deficits were
found, bur the studies were excluded because
our meta-analysis focused on studies with the
high- and low-exposure groups only. In addi-
tion, two studies were published twice, and
the duplicates were excluded.

Inclusion criteria and data extraction.
The criceria for inclusion of studies included
studies with high and reference Aluoride €xpo-
sures, end points of 1Q scores or other related
cognitive function measures, presentarion of a
mean outcome measure, and associated mea-
sure of variance [95% confidence intervals
(Cls) or SEs and numbers of participants].
Interpretations of statistical significance are
based on an alpha level of 0.05. Informarion
included for cach study also included the first
author, location of the study, year of publica-
tion, and numbers of participants in high-
fluoride and low-fuoride areas. We noted and
recorded the information on age and sex of
children, and parental education and income
if available.

Statistical analysis. We used STATA
(version 11.0; StataCorp, College Station, TX,
USA) and available commands (Stern 2009)
for the meta-analyses. A standardized weighted
mean difference (SMD) was computed using
both fixed-effects and random-cffects moddls,
The fixed-effects model uses the Mantel-
Haenszel method assuming homogeneity
among the studies, whereas the random-
effects model uses the DerSimonian and Laird
method, incorporating both a within-study
and an additive berween-studies component of
variance when there is berween-study hetero-
geneity (Egger et al. 2001). The estimate of the
between-study variation is incorporated into
both the SE of the estimate of the common
effect and the weight of individual studies,
which was calculated as the inverse sum of
the within and between study variance. We
evaluated heterogencity among studies using
the 2 statistic, which represents the percentage
of toral variation across all studies due ro
berween-study heterogeneity (Higgins and
Thompson 2002). We evaluated the potential
for publication bias using Begg and Egger
tests and visual inspection of a Begg funnel
plot (Begg and Mazumdar 1994; Egger et al.
1997). We also conducted independent mera-
regressions to estimate the contriburion of
study characreristics (mean age in years from
the age range and year of publication in each

Environmental Health Perspectives -

study) to heterogeneity among the studies. The
scoring standard for the Combined Raven’s
Test—The Rural edition in China (CRT-RC)
test classifies scores of s 69 and 70-79 as
low and marginal intelligence, respectively
(Wang D et al. 1989). We also used the
random-effects models to estimate risk ratios
for the association between Auoride exposure
and a low/marginal versus normal Raven’s test
score among children in studies that used the
CRT-RC test (Wang D et al. 1989). Scores
indicating low and margjnal intelligence (< 69
and 70-79, respectively) were combined as
a single outcome due to small numbers of
children in each outcome subgroup.

Resuits

Six of the 34 studies identified were excluded
because of missing information on the num-
ber of subjects or the mean and variance of the
outcome [see Figure I for a study selection flow
chart and Supplemental Material, Table S1
(heep://dx.doi.org/10.1289/ehp.1104912) for
additional information on studies that were
excluded from the analysis]. Another study
(Trivedi et al. 2007) was excluded because
SDs reported for the outcome parameter were
questionably small (1.13 for the high-fAluoride
group, and 1.23 for the low-fluoride group)
and the SMD (-10.8; 95% CI: —1 1.9, -9.6)
was > 10 times lower than the second small-
est SMD (-0.95; 95% CI: -1.16, ~0.75) and
150 times lower than the largest SMD (0.07;
95% CI: ~0.083, 0.22) reported for the other
studies, which had relatively consistent SMD
estimates. Inclusion of this study in the meta-
analysis resulted with a much smaller pooled
random-effects SMD estimate and a much
larger /2 (~0.63; 95% CI- ~0.83, —0.44, 2
94.1%) compared with the estimates that
excluded this study (~0.45; 95% CI. -0.56,
-0.34, I 80%) (see Supplemental Material,
Figure S1). Characteristics of the 27 studies
included are shown in Table 1 (An et al. 1992;
Chen er al. 1991; Fan et al. 2007; Guo et al.
1991; Hong et al. 2001; Li FH et al. 2009; Li
XH etal. 2010; Li XS 1995; Li Y et al. 1994;
LiYeral. 2003; Lin et al. 1991; Lu et al., 2000;
Poureslami et al. 2011; Ren et al. 1989; Seraj
et al. 2006; Sun et al. 1991; Wang G er al.
1996; Wang SH et al. 2001; Wang SX er al.
2007; Wang ZH et al. 2006; Xiang et al. 2003,
Xu et al. 1994; Yang et al. 1994; Yao et al.
1996, 1997; Zhang JW et al. 1998; Zhao et al.
1996). Two of the studies included in the anal-
ysis were conducted in Iran (Pourestami et al.
2011; Seraj et al. 2006); the other study cohorts
were populations from China. Two cohorts
were exposed to fluoride from coal burning
(Guo eral. 1991; Li XH e al. 2010); otherwise
populations were exposed ro fluoride through
drinking water. The CRT-RC was used o
measure the children’s intelligence in 16 stud-
ies. Other intelligence measures included the
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Wechsler Intelligence tests (3 studics; An et al.
1992; Ren et al. 1989; Wang ZH et al. 1996),
Binet 1Q test (2 studies; Guo ex al. 1991; Xu
etal. 1994), Raven’s test (2 studies; Poureslarni
et al. 2011; Seraj et al. 2006), Japan IQ test
(2 studies; Sun et al. 1991; Zhang JW et al.
1998), Chinese comparative intelligence test
(1 study; Yang et al. 1994), and the mental
work capacity index (1 study; Li Y et al. 1994).
Because each of the inelligence tests used is
designed to measure general intelligence, we
used dara from all eligible studies to estimace
the possible effects of Aluoride exposure on
general intelligence.

In addition, we conducted a sensitivity
analysis restricted to studies thar used similar
tests to measure the outcome (specifically, the
CRT-RC, Wechsler Intelligence test, Binet 1Q
test, or Raven’s test), and an analysis restricted
to studies that used the CRT-RC. We also
performed an analysis that excluded studies
with co-exposures indluding iodine and arsenic,
or with non-drinking-water fAluoride exposure
from coal buming,

Pooled SMD estimates. Among the
27 scudies, all but one study showed
random-effect SMD estimares thar indicated
an inverse association, ranging from —0.95

(95% CI: —1.16, ~0.75) to ~0.10 (95% CI:

Total abstracts identified
from literature search

(n=39)
Duplicate records
———3 removed
(n=2)
_ i Studies excluded

T——>| because they did not
.- . | meetinclusion criteria

¥ {n=3)

\4
Studies for retrieval of
detailed information
{n=34)
Studies with
—>|  missing information
on outcomes

{n=6}
-+ | Studies excluded due
—~">| to questionably small

’ standard deviations
E {n=1)

Studies included in
meta-analysis
(IT = 27)

Figure 1. Flow diagram of the meta-analysis.
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~0.25, 0.04) (Figure 2). The study with a
positive association reported an SMD esti-
mate of 0.07 (95% CI: 0.8, 0.22). Similar
results were found with the fixed-effects SMD
estimates. The fixed-effects pooled SMD
estimate was —0.40 (95% CI: -0.44, —0.35),
with a p-value < 0.001 for the test for homo-
geneity. The random-cffects SMD estimarte
was —0.45 (95% CI: -0.56, —0.34) with an
P of 80% and homogeneity test p-value
< 0.001 (Figure 2). Because of heterogeneity
(excess variability) between study results, we
used primarily the random-effects model for
subsequent sensitivity analyses, which is gen-
erally considered to be the more conserva-
tive method (Egger et al. 2001). Among the
restricted sets of intelligence tests, the SMD
for the model with only CRT-RC tests and
drinking-warer exposure (and to a lesser
extent the model with only CRT-RC tests)
was lower than thar for all studies combined,

although the difference did not appear to be
significant. Heterogeneity, however, remained
at a similar magnitude when the analyses were
restricted (Table 2).

Sources of heterogeneity. We performed
meta-regression models to assess study char-
acteristics as potential predictors of effect.
Informarion on the child’s sex and paren-
tal education were not reported-in > 80%
of the studies, and only 7% of the studies
reported household income. These variables
were therefore nor included in the models.
Among the two covariates, year of publica-
tion (0.02; 95% CI: 0.006, 0.03), but not
mean age of the study children (—0.02; 95%
CI: —0.094, 0.04), was a significant predictor
in the model with all 27 studies included. 72
residual 68.7% represented the proportion
of residual berween-study variation due to
heterogeneity. From the adjusted R, 39.8%
of between-study variance was explained by

Table 1. Characteristics of epidemiological studies of fluoride exposure and children’s cognitive autcomes.

the two covariates. The overall test of the
covariates was significant (p = 0.004),

When the model was restricred to the
16 studies that used the CRT-RC, the child’s
age (bur not year of publication) was a signifi-
cant predicror of the SMD. The R of 65.6%
of berween-study variance was explained by
the two covariates, and only 47.3% of the
residual variation was attributable to hetero-
geneity. The overall test of both covariates in
the model remained significant (p = 0.0053).
On furcher restriction of the model o exclude
the 7 studies with arsenic and iodine as co-
exposures and fluoride originating from coal
burning (thus including only the 9 with fluo-
ride exposure from drinking water), neither
age nor year of publication was a significant
predictor, and the overall test of covariates was
less important (p = 0.062). in accordance with
the similarity of intelligence test outcomes and
the source of exposure in the studies included.

No.inhigh-  No.in Age .
Study exposwe  reference  range Fluoride exposure Outcome
Reference location group group {years) Assessment Range measure Results
Rerietal  Shandong, 160 “1RY 8-14 High/ Not specified ~ ~ Wechsler Chiidren i high-fluonde region hiad lower 10 scores
1989 - - . China: - low-fluonide F = Inielhgence
Y "M i villages 1 T e test?
Chenetal.  Shanxi, 320 320 7-14  Drinking 4.55 mg/L (high); CRT-RC? The average 10 of children from high-fluoride area
1891 China water 0.89 mg/L (reference) were lower than that of the reference area )
Guoet al. Hunan, 60 6t 7-13  Fuendein 118.1-1361 7 nig'kg Chinase Average 10 in fludride coal-buining area was fowsr
1991 China coalbuining  feoat buming area),  Binet® than that in the reference area
Control area used ‘wood )
Linetal. Xinjiang, 33 86 7-14  Drinking 0.88 mg/L (high}; CRT-RC? Children in the high-fluoride (low-iodine) area had
1991 China water 0.34 mg/L {reference) lower 1Q scores compared with the children from the
reference fluoride llow-iodine) areas
Sunetal. Guiyang, 196 24 6512 FRateof Fluorosts: 98 36% Japan i Meani 10 was lower inall age: grops exeept < 7 years
1991 Ghina fluorosis {high). not specified test? in'the area with hngh fluoride and aluminum {hmited
) aE (reference) ) to hiyh-fluonde populetier onfyj .
Anetal Inner 121 121 7-16  Drinking 2.1-7.6 mg/L (high}; Wechsler 10 scores of children in high-fluoride areas were
1992 Mongolia, water 0.6-1.0 mg/L Intelligence significantly lower than those of children living in
China B (reference) test? reference fluoride area
LiYetal.  Sighuan, 106 48 1213 Buiming of 4.7-31.6 mg/ka fhigh) . Child:  Early, profonged high fuoride intake causés a
1994 China high-fluoride 0.5 mg/kg {reference) - mental work decrease in the.child’s mental work capacity
coal to-cook capacity - Dl A N
.. -grainin high- =
“-. fuoride area R - . o :
Xuetal. Shandong, 97 32 8-14  Drinking 1.8 mg/L (high}; Binet- Children had fower 10 scores in high-fluoride area
1994 China water 0.8 mg/L (reference) Simon®  than those who lived in the reference area.
Yangetal.  Shandong, 30 30 8- Wellwater 297 mg/L{high),". " Chinese The average IQ scores was lower in chifdien from
1994 China - _0:5mg/L freference) comparative  high-fiugnde and -iodire area than those from the
mtel‘ligenee reference area, but the resutts vere not significant
test” - . .
LliXSetal.  Guizhou, 681 226 8-13  Urine, Dental 1.81-2.69mg/L (high)  CRT-RC? Children fiving in fluorosis areas had lower 10 scores
1995 China Fluorosis 1.02 mg/L (reference); than children living in nonfluorosis areas
Index DFi 0.8-3.2 (high);
DFl < 0.4 {reference) ‘
Wang G Xnjiann, 147 83 4-7  Dnnking >1.0-86 mg/L (highj; Wechsler Average 1Q score was lower in children in theshigh-
atal. 1996  China water 058-1.01ng/L Intelligence  Huoride group than these in the reference group
5 {referencel tesi?
Yaoetal. Liaoning, 266 270 8-12  Drinking 2-11mg/\. {high); CRT-RC? Average IQ scores of children residing in exposed fluoride
1996 China water 1 mg/L (reference} , areas were lower than those in the reference area
Zhaoetal.  Shanxi, 160 180 7-14. Dnnking 412 mg/L (high), CRT:RCY Ehildren hving iri tugh-fluonde and -arsenii: area hiad
1996 China’ water 0.91 mg/t [reference) .~ - significantly Jower 10 scores than those living in-the
. ’ o BEE teference fluoride land e arsenic} area L
Yao et al. Liaoning, 188 314 7-14  Drinking 2 mg/L {exposed); CRT-RCY 1Q scores of children in the high-fluoride area were
1997 China water 0.4 mg/L {reference} lower than these of children in the reference area
Continved
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Although official reports of lead concentra-
tions in the study villages in China were not
available, some studies reported high percent-
age (95-100%) of low lead exposure (less
than the standard of .01 mg/L) in drinking-
water samples in villages from several study
provinces (Bi et al. 2010; Peng et al. 2008;
Sun 2010).

Publication bias. A Begg’s funnel plot
with the SE of SMD from each study plotred
against its corresponding SMD did not show
clear evidence of asymmetry, although two
studies with a large SE also reported relarively
large effect estimates, which may be consis-
tent with publication bias or heterogeneity
(Figure 3). The plot appears symmetrical for
studies with larger SE, bur with substantial
variation in SMD among the more precise
studies, consistent with the hcterogcneity
observed among the studies included in the
analysis. Begg (p = 0.22) and Egger (p=0.11)

Table 1. Continued.

tests did nor indicare significant {» < 0.05)
departures from symmetry.

Pooled risk ratios. The relative risk (RR)
of a low/marginal score on the CRT-RC test
(< 80) among children with high fluoride
exposure compared with those with low
exposure (16 studies toral) was 1.93 (95% CI-
1.46, 2.55; I? 58.5%). When the model was
restricted to 9 studies that used the CRT-RC
and included only drinking-water Auoride
exposure (Chen er al, 1991; Fan er al, 2007;
Li XH et al. 2010; Li XS et al. 1995; LiY
et al. 2003; Lu et al. 2000; Wang ZH et al.
2006; Yao et al. 1996, 1997), the estimare was
similar (RR = 1.75; 95% CI- 1.16, 2.65; P2
70.6%). Although fuoride exposure showed
inverse associations with test scores, the
available exposure information did nor allow
a formal doseresponse analysis. However,
dose-related differences in test scores occurred ac
a wide range of water-fluoride concentrations.

Fluoride neurotoxicity

Discussion

Findings from our meta-analyses of 27 stud-
ies published over 22 years suggest an inverse
association between high fluoride exposure and
children’s intelligence. Children who lived in
areas with high fluoride exposure had lower 1Q
scores than those who lived in low-exposure or
control areas. Our findings are consistent with
an earlier review (T ang er al, 2008), although
ours more systematically addressed study selec-
tion and exclusion informarion, and was more
comprehensive in 4) including 9 additional
studies, 4) performing meta-regression to esti-
mate the contribution of study characteristics
as sources of heterogeneity, and ¢) estimating
pooled risk ratios for the association between
fluoride exposure and a low/marginal Raven’s
test score.

As noted by the NRC committee (NRC
2006), assessments of fluoride safety have
relied on incomplete information on potential

No.inhigh-  No.in Age .
Study exposure  reference  range Fluoride exposure Outcome
Reference . location group group  (years)  Assessment Range measure Results
‘Zhang W Xinjrang, | 51 - TB T a0 Drinking- ™ " Not specihed JapanlQ  Average Il scores of childran residing in high-fluoride
etal 1996.  Chma.. ' ST C e water Test? and--arsenic area were lower than thase who resided
) ' ) = e . . in the refeenica area
Luetal. Tianjin, 60 58 1012 Drinking 3.16 mg/L {high); CRT-RC®  Children in the high-fluoride area scored significantly
2000 China water 0.37 mg/t {reference) lower 1Q scores than those in the reference area
‘Horigetal:  Shandong, 8 . ‘32 8-14  DBrinking. 230 g/l (high); CAT-ACE  Average 10 seores were stonificartly lower n high-
2000 °  China , water 0.75 mg/L (referance) fluonide group (and -ioding) than the referente group
Wang SH Shandong, 30 30 8-12  Drinking 2.97 mg/L (high); CRT-RC®  Na significant difterence in IQ scores of children in
etal. 2001  China water 0.5 mg/L (reference} the high-fluoride/high-iodine and reference fluoride/
o low-iodine areas
LiYetal Inper - ] 236 6-13  Fluorosis Endemic vs: ceritrol CRTRC®  Average 0 of children in high-fluoresis areawas
2003 Mongolia, : regans defined by the lower than that in the refererce area
China Chinese Beological
' Office 3 TR
Xiangetal.  Jiangsu, 222 290 8-13  Drinking 0.57-4.5 mg/L (high}; CRT-RC®  Mean IQ score was significantly lower in children who
2003 China water 0.18-0.76 mg/L lived in the high-fluoride area than that of children
(reference) in the reference exposure area {both areas also had
o o arsenic exposure}
Serajetal. Tehran, a1 85 Not: - Drinking 75:mg/L (high), Ravend The mean 1Q of children in ihe high-fluotide area
2006. Ifan. specified water - - 0:4:mgA ireference) was significanily lower than that from the refeience
B R | ot Al J fluonde area -~ - e e T
Wang ZH Shanxi, 202 166 8-12  Drinking 5.54 £ 3.88 mg/L CRT-RC®  The 10 scores of children in the high-fluoride group
etal. 2006  China water {high); 0.73 + 0.28 were significantly lower than those in the reference
mg/L (reference) group ) ) _
Fan et al Shaanxi, 42 37 7-14  Drinking. :1.14~6.09 mgyL. (high); CRERG®  The‘average 10 scores of children residing in the -
2007 China water 133-235mg/l - S high-fluande area were-loewer than those of children
S {reference}) . . oo TR 1esiding in the reference areq | &
Wang SX Shanxi, 253 196 8-12  Drinking 38-11.5mg/ (water, high;,  CRT-RCE Mean 10 scores were significantly lower in the high-
etal. 2007  China water and 1.6-11 mg/L {urine, high}; fluoride group than from the reference group in the
uring 0.2-1.1 mg/L {water, fluoride/arsenic areas
reference);
0.4-3.9 mg/L {urine,
) ) ) reference) L _
Lietal. Hinan, 60 20 812 Coalburning.  124~2 34 mg/L (highy, CRT-E®.  Mean 1 was lower-in childien in coal-burning areas .
2009 China_ . : 0962 mg/\. (reference) ki cornpared to these in ihe reference group
LifHetal.  Henan, 347 329 7-10  Drinking 2.47 + 0.75 mg/L (high} CRT-RC*  No significant difference in IQ scores between
2010 China water children in the exposed and reference groups
Poureslami  fran - 59 60 69  Drnkug 2.38 mg/L {high); Raven¢ Children in the high-fluoride grevp scored significantly
etal 2011 Water. 0.4 mg/l {reference) Inwier than those n reference group =5

*Wechsler Intelligence Scale {Lin and Zhang 1986). CRT-RC, Chin
et al. 1985). “Binet-Simon Test {Binet and Simon 1922). 'Chinese col

Environmental Health Perspectives - vowme 1201
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ese Standardized Raven Test, rural version {Wang G et al. 1989). <Chinese Binst Test (Wu 1936). %Japan test {Zhang J
mparative intelligence test {Wu 1983). %Raven test [Raven et al. 2003).
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risks. In regard to developmental neuro-
toxicity, much information has in facc been
published, although mainly as short reports
in Chinese that have not been available to
most expert committees. We carried out an
extensive review that includes epidemiological
studies carried out in China. Although most
reports were fairly brief and complete informa-
tion on covariates was not available, the results
tended to support the potential for fluoride-
mediared developmental neurotoxicity at rela-
tively high levels of exposure in some studies,
We did nor find conclusive evidence of publi-
cation bias, although there was substantial het-
erogeneity amonyg studies. Drinking water may
contain other neurotoxicants, such as arsenic,
but exclusion of studies including arsenic and
iodine as co-exposures in a sensitivity analy-
sis resulted in a lower estimate, although the

difference was not significant. The exposed
groups had access to drinking water with fluo-
ride concentrations up to 11.5 mg/L (Wang
SX et al. 2007); thus, in many cases concen-
trations were above the levels recommended
(0.7-1.2 mg/L; DHHS) or allowed in pub-
lic drinking water (4.0 mg/L; U.S. EPA) in
the United States (U.S. EPA 2011). A recent
cross-sectional study based on individual-level
measure of exposures suggested that low lev-
els of water Auoride (range, 0.24-2.84 mg/L)
had significant negative associations with chil-
dren’s intelligence (Ding et al. 2011). This
study was not included in our meta-analysis,
which focused only on studies with exposed
and reference groups, thereby precluding esti-
mation of dose-related effects.

The resules suggest that Aluoride may be a
developmental neurotoxicant that affects brain

Study Location SMD {95% CI) % Weight
Ren et al 1989 Shandong —_— -075(-097,-052) 422
Chen et al. 1991 Shanxi - -026(1-041,-0.10) 466
.Guo etal. 198, Hunan —_— —044{-0.80,-0.08) 3%
Lin et al. 1991 Xinjiang —rt -0.64 (-1.01, -0.28) 323
-Surretal. 1991 Guiyang e . -095(-116,~075) 436
An et al. 1992 I Mongolia e t -0.57 (-0.83,-0.31} 3.98
Li Y et al. 1994 Sichuan —_—l— ~0.40{-0.73, -0.05} 339
Xu et al. 1994 Shandong h -0.93 {(-1.35, -0.52) 2.91
“Yarig et al. 1994 Shandong R U | ~050{-1.01,0:02) 236
Li XS et al. 1995 Guizhou —- -0.55 {-0.70. -0.39) 468
Wang G-et al. 1995, Xinjiang —r— - .38 {~0.65,-0.10) 388
Yao et al, 1996 Liaoning =T -0.34{-0.51, -0.17) 457
-Zhao et al. 1996 Shanx e ~0.54{-0.76,-0.31) 422
Yao et al, 1997 Liaoning i —0.43 (-0.61, -0.25) 4.49
‘Zhang JWet'al. 1998 Xinjiang e o e ~0.17(-0.55,0.22) 309
Lu et al. 2000 Tianjin e -0.62 (-0.98, -0.25} 3.20
Hong et al. 2001 Shandong ——e -044{-085,~003) 29
Wang SH et al. 2001 Shandong —_—e— ~0.50{-1.01, 0.02} 2.36
LY eiol 2003 1-Mangolia [T & -0.10{-p25 0,00) 471
Xiang et al. 2003 Jiangsu —_— -0.64 {-0.82, -0.46) 452
Serajetal 2006 ~ Tehran e e LR —0.89{-1.28, -0.50) 308
Wang ZH et al. 2006 Shanxi T -0.27 (-0.47, -0.06) 4.34
Fan @i al 2007 Shaanxi ———t—— -0.17{-061,0.39) 275
Wang SX et al. 2007 Shanxi e -0.26 (-0.44, -0.07) 4.46
Li FH-et.al 2009- ‘Hunan —_— -043(-094,008) . 238
Li XH et al. 2010 Henan H —Hie— 0.07 {-0.08, 0.22} 4.69
Poureslami-et-al 2011  lran- —;-——— -041(-077,-004) 325
Overall (/2 = 80.0%, p = 0.000) <> —045(-056,-034) 10000

T f T T
-15 -1 [} 05 1

Figure 2. Random-effect standardized weighted mean difference (SMD) estimates and 95% Cls of child's
intelligence score associated with high exposure to fluoride. SMs for individual studies are shown as solid

diamonds (#), and the pooled SMD is shown as an o

for the study-specific SMDs.

pen diamond {{). Horizontal lines represent 95% Cls

Table 2. Sensitivity analyses of pooled random-effects standardized weighted mean difference (SMD)
estimates of child’s intelligence score with high exposure of fluoride.

Available p-Value
studies for test of
Mode! analysis  SMD (95% ClI) 2 heterogeneity
1. Exclude nonstandardized tests? 23 -D44{-054,-033) 775% <0.001
2. Exclude non-CRT-RC Tests? 16 -0.36(-048,-025 77.8% < 0.001
3. Exclude studies with other exposures (iodine, arsenic)® 9  -029(-044,-014) 81.8% <0.001

or non-drinking-water fluoride exposure?

*Mental work capacity (Li Y et al. 1994); Japan 10 (Sun et al. 1991; Zhang JW et al. 1998); Chinese comparative scale
of intelligence test (Yang et al. 1994). "Wechsler intelligence test {(An et al. 1992; Ren et al, 1989; Wang G et al. 1996);
Chinese Binet 10 {Guo et al. 1991); Raven (Poureslami et al. 2011; Seraj et al. 2006); Binet-Simon {Xu et al. 1994). Slodine
{Hong et al. 2001; Lin et al. 1991; Wang SH et al. 2001); arsenic [Wang SX et al. 2007; Xiang et al. 2003; Zhao et al. 1996;
{Zhang JW et al. 1998 was already excluded, see note a)). “Fluoride from coal burning |Li FH et al. 2009 {Guo et al. 1991
and Li Y et al. 1994 were already excluded; see notes a and b)].
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development at exposures much below those
that can cause toxicity in adults (Grandjean
1982). For neurotoxicants such as lead and
methylmercury, adverse effects are asso-
ciated with blood concentrations as low as
10 nmol/L. Serum fluoride concentrations
associated with high intakes from drinking
water may cxceed 1 mg/L, or 50 pmol/L—
more than 1,000 times the levels of some other
neurotoxicants that cause neurodevelopmental
damage. Supporting the plausibility of our
findings, rats exposed to 1 ppm (50 pmol/L)
of water fluoride for 1 year showed morpho-
logical alterations in the brain and increased
levels of aluminum in brain tissue compared
with controls (Varner et al. 1998).

The estimated decrease in average 1Q asso-
ciated with fluoride exposure based on our
analysis may seem small and may be within the
measurement error of [Q testing, However, as
research on other neurotoxicants has shown, a
shift to the left of IQ distributions in a popu-
lation will have substantial impacts, especially
among those in the high and low ranges of the
1Q distribution (Bellinger 2007).

Our review cannot be used to derive an
exposure limit, becausc the actual exposures
of the individual children are not known.
Misclassification of children in both high-
and low-exposure groups may have occurred
if the children were drinking water from other
sources (e.g., at school or in the field).

The published reports clearly represent
independent studies and are not the result
of duplicate publication of the same studies
(we removed two duplicates). Several studies
(Hong et al. 2001; Lin e al. 1991; Wang SH
et al. 2001; Wang SX et al. 2007; Xiang et al.
2003; Zhao et al. 1996) report other expo-
sures, such as iodine and arsenic, a neuro-
toxicant, but our sensitivity analyses showed
similar associations between high fluoride
exposure and the outcomes even after these
studies were excluded. Large tracts of China

]
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Figure 3. Begg’s funnel plot showing individual
studies included in the analysis according to
random-effect standardized weighted mean differ-
ence (SMD) estimates {x-axis) and the SE (se} of
each study-specific SMD (y-axis). The solid verti-
cal line indicates the pooled SMD estimate for all
studies combined and the dashed lines indicated
pseudo 95% confidence limits around the pooled
SMD estimate.
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have supetficial fluoride-rich minerals with
lirele, if any, likelihood of contamination by
other neurotoxicants that would be associ-
ated with fluoride concentrations in drinking
water. From the geographic distriburion of
the studies, it seems unlikely that fluoride-
attributed neurotoxicity could be attributable
to other water contaminants.

Still, each of the articles reviewed had
deficiencies, in some cases rather serious ones,
that limit the condlusions that can be drawn.
However, most deficiencies relate to the
reporting of where key information was miss-
ing. The fact that some aspects of the study
were not reported limits the extent to which
the available reports allow a firm conclusion.
Some methodological limitations were also
noted. Most studies were cross-sectional, -but
this study design would seem appropriate
in a stable population where warter supplies
and fluoride concentrations have remained
unchanged for many years. The current water
fluoride level likely also reflects past develop-
mental exposures. In regard to the outcomes,
the inverse association persisted between stud-
ies using different incelligence rests, although
most studies did not report age adjustment of
the cogpnitive test scores,

Fluoride has received much attention in
China, where widespread dental fluorosis
indicates the prevalence of high exposures.
In 2008, the Ministry of Health reported
that fluorosis was found in 28 provinces with
92 million residencs (China News 2008).
Although microbiologically safe, warer sup-
plies from small springs or mountain sources
created pockets of increased exposures near
or within areas of low exposures, thus repre-
senting exposure settings close to the ideal,
because only the Auoride exposure would dif:
fer between nearby neighborhoods. Chinese
researchers took advantage of this fact and
published their findings, though mainly in
Chinese journals and according to the stan-
dards of science ac the time. This research
dates back to the 1980s, but has not been
widely cited ar least in part because of limited
access to Chinese journals.

In its review of fluoride, the NRC {2006)
noted that the safety and the risks of Auoride ar
concentrations of 2—4 mg/L were incompletely
documented. Our comprehensive review
substantially extends the scope of research
available for evaluation and analysis. Although
the studies were generally of insufficient
quality, the consistency of their findings
adds support 10 existing evidence of Auoride-
associated cogpnitive deficits, and suggests
that potential developmental neurotoxicity
of fluoride should be a high research
priority. Although reports from the World
Health Organization and national agencics
have generally focused on beneficial effects
of fluoride (Centers for Disease Control and

Prevention 1999; Petersen and Lennon 2004),
the NRC report examined the potential
adverse cffects of fluoride ar 2—4 mg/L
in drinking water and not the benefits or
potential risks that may occur when fluoride
is added to public water supplies at lower
concentrations (0.7-1.2 mg/L) (NRC 2006).
In conclusion, our results support the possi-
bility of adverse effects of fluoride exposures on
children’s neurodevelopment. Future research
should formally evaluate dose—response rela-
tions based on individual-level measures of
exposure over time, including more precise
prenatal exposure assessment and more exten-
sive standardized measures of neurobehavioral
performance, in addition to improving assess-
ment and control of potential confounders.
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