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Impact of Prenatal Exposure to Piperonyl Butoxide
and Permethrin on 36-Month Neurodevelopment

WHAT’S KNOWN ON THIS SUBJECT: Pyrethroid insecticides and
the pyrethroid synergist piperonyl butoxide are potential
neurodevelopmental toxicants and have not been evaluated for
developmental toxicity. In this study the effects of prenatal
exposure to piperonyl butoxide and permethrin on
neurodevelopment in children aged 36 months were examined.

WHAT THIS STUDY ADDS: A significant inverse association was
observed between prenatal exposure to piperonyl butoxide, a
pyrethroid synergist, and 36-month neurodevelopment. No
significant association was observed between prenatal exposure
to permethrin and adverse neurodevelopment.

abstract
OBJECTIVE: Recent pesticide-monitoring results suggest that a shift in
residential pesticide exposure fromorganophosphorus insecticides to py-
rethroid insecticides has occurred. Pyrethroid insecticides are potential
neurodevelopmental toxicants and have not been evaluated for develop-
mental toxicity. Our objective was to explore the association between pre-
natal exposure topermethrin (a commonpyrethroid) andpiperonyl butox-
ide (a pyrethroid synergist) and 36-month neurodevelopment.

METHODS: Participants is this study were part of a prospective cohort
of black and Dominican mothers and newborns living in low-income
neighborhoods in New York City. We examined 36-month cognitive and
motor development (using the Bayley Scales of Infant Development,
second edition) as a function of permethrin levels measured in mater-
nal and umbilical cord plasma collected on delivery and permethrin
and piperonyl butoxide levels in personal air collected during preg-
nancy. All models were controlled for gender, gestational age, ethnic-
ity, maternal education, maternal intelligence, quality of the home en-
vironment, and prenatal exposure to environmental tobacco smoke
and chlorpyrifos.

RESULTS: Prenatal exposure to permethrin in personal air and/or
plasma was not associated with performance scores for the Bayley
Mental Developmental Index or the Psychomotor Developmental Index.
After data adjustment, children more highly exposed to piperonyl bu-
toxide in personal air samples (�4.34 ng/m3) scored 3.9 points lower
on the Mental Developmental Index than those with lower exposures
(95% confidence interval:�0.25 to�7.49).

CONCLUSIONS: Prenatal exposure to piperonyl butoxide was nega-
tively associated with 36-month neurodevelopment. Pediatrics 2011;
127:e000
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Widespread residential pesticide use
in urban communities in the United
States has resulted in ubiquitous,
low-level exposure of pregnant
women and children.1–4 Data from a
substantial body of experimental and
epidemiological research suggest that
low-level prenatal and early postnatal
pesticide exposures adversely affect
neurodevelopment.5

In previous epidemiological studies as-
sociations between prenatal organo-
chlorine and/or organophosphorus
(OP) insecticide exposures and neuro-
development were evaluated.3,6–8 For
example, results of our research at the
Columbia Center for Children’s Envi-
ronmental Health (CCCEH) demon-
strated adverse neurodevelopmental
sequelae in an urban cohort after pre-
natal exposure to chlorpyrifos, an OP
insecticide.9 With increasing pesticide
regulations, residential exposures to
organochlorine and OP insecticides
have decreased.10–12 Current data from
sales and environmental monitoring
suggest that pyrethroid insecticides
replaced OP insecticides for residen-
tial pest control as uses of chlorpyrifos
and other OP insecticides were phased
out.12,13 Pyrethroid insecticides have
not been evaluated for long-term neu-
rotoxic effects after low-level exposure
in humans, but experimental data
raise concerns about the safety of pre-
natal and early childhood exposures.14

We examined associations between
prenatal exposure to pyrethroid insec-
ticides and 36-month neurodevelop-
ment among children in the CCCEH co-
hort, using the Bayley Scales of Infant
Development, second edition (BSID-
II).15 Permethrin was selected as the
target pyrethroid because it was re-
cently 1 of the most common insecti-
cides detected in a nationally repre-
sentative sample of residential homes
in the United States,16 as well as the
most commonly sold pesticide in the
catchment area of the CCCEH accord-

ing to results of a survey completed in
2007.17 Permethrin was the only pyre-
throid detected in maternal and cord
plasma samples using a novel method
developed to measure levels of 12 py-
rethroid insecticides in human plas-
ma.18 Environmental and biological
monitoring of pyrethroid insecticides
present challenges. Most pyrethroid
insecticides are difficult to measure in
air because they are not volatile19 and
are difficult to measure in bodily fluids
because they are rapidly metabolized,
often to nonselective metabolites.20,21

Consequently, we measured piperonyl
butoxide (PBO), the most common py-
rethroid insecticide synergist, in per-
sonal air samples collected during
pregnancy as an indicator of maternal
pyrethroid insecticide use. PBO is com-
monly formulated with pyrethrin and
a number of pyrethroid insecticides,
including permethrin and tetra-
methrin.17,22 Notably, PBO is not used as
a synergist in OP or carbamate insec-
ticide formulations.17

We hypothesized that prenatal expo-
sure to permethrin, as indicated by
analysis of personal air and/or
plasma samples collected at deliv-
ery, was associated with lower neu-
rocognitive scores in children aged
36 months. In addition, we hypothe-
sized that prenatal exposure to PBO,
an indicator of pyrethroid insecti-
cide use in the infant’s environment,
was also associated with delayed
neurocognitive development.

METHODS

Study Subjects

Subjects in this report were selected
from the CCCEH Mothers and New-
borns cohort, a prospective longitudi-
nal study of black and Dominican
women living in upper Manhattan and
the South Bronx. The CCCEH study has
been extensively described previous-
ly.23 Briefly, mothers were enrolled
from prenatal clinics at Harlem and

New York Presbyterian hospitals.
Enrollment was restricted to self-
reported nonsmoking women aged 18
to 35 years, who self-identified as Afri-
can American or Dominican and regis-
tered for care by the 20th week of
pregnancy. Eligible women were free
of diabetes mellitus, hypertension,
known HIV infection, and documented/
reported drug use and had resided in
the area for at least 1 year. Between
1998 and 2006, 725 subjects were en-
rolled into the CCCEH cohort and com-
plete prenatal questionnaire data and
environmental and/or biological moni-
toring data on insecticide exposure
were obtained. From these partici-
pants, we selected all children en-
rolled in the CCCEH study who had
reached the age of 36 months and for
whom these data were available: (1)
prenatal maternal interview data; (2)
environmental markers of PBO and/or
environmental and/or biological mark-
ers of permethrin exposure levels; (3)
neurobehavioral outcome assessment
at 3 to 4 years; and (4) assessment of
covariates (see statistical analysis
section). Evidence of exposure to PBO
was available only in personal air sam-
ples, not in maternal or cord plasma
samples. To eliminate subjects who
smoked during pregnancy, we se-
lected subjects with plasma cotinine
levels of� 15 ng/mL at delivery. Devel-
opmental outcome measures and 1 or
more of the pesticide dosimeters were
available for 348 subjects. The num-
bers of subjects included in multivari-
ate analyses were: (1) 342 subjects for
permethrin in personal air; (2) 272
subjects for permethrin in plasma;
and (3) 230 subjects for PBO. The sam-
ple size for each statistical analysis
varied because of variation in the avail-
ability of samples for pesticide analy-
sis. The institutional review board of
Columbia University approved this
study, and informed consent was ob-
tained from all participants.
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Maternal Prenatal Questionnaire

A trained research worker adminis-
tered a 45-minute questionnaire to
each woman in her home during the
third trimester of pregnancy. Data col-
lected included demographic informa-
tion, home characteristics, residential
history, active and passive smoking,
occupational history, alcohol and drug
use, residential insecticide use, and
frequency of pest sightings in the
home during pregnancy.11,24–28 Prena-
tal questionnaire data were obtained
for all subjects.

Environmental and Biological
Pesticide Exposure Assessment

Umbilical cord plasma was collected
at delivery and maternal plasma col-
lected within 48 hours of delivery,
according to the CCCEH protocol.29

Plasma samples were analyzed for
concentrations of cis- and trans-
permethrin and chlorpyrifos by gas
chromatography–high-resolution mass
spectrometry at the Centers for Dis-
ease Control and Prevention (Atlanta,
Georgia). Methods for the laboratory
measurements, including quality con-
trol, reproducibility, and limits of
detection (LOD) were published
previously.30

Maternal personal air samples were
collected during the third trimester of
pregnancy. Subjects were asked to
wear a small backpack holding a per-
sonal ambient air monitor during day-
time hours, and to place the monitor
near the bed at night, for a period of 48
consecutive hours. Concentrations of
cis- and trans- permethrin, PBO, and
chlorpyrifos weremeasured in personal
air samples by gas chromatography–
mass spectrometry at Southwest Re-
search Institute (San Antonio, Texas). A
description of the gas chromatography–
mass spectrometry assay, including
quality control, reproducibility, and
LOD, was published previously.26

Child Behavior and
Neurodevelopmental Outcome
Assessment

The BSID-II was used to assess cogni-
tive and psychomotor development
among children aged 36 months.15 Use
of this test to identify developmental
delay in the CCCEH cohort has been
previously described.9 The BSID-II was
selected because it is widely used and
norm referenced, can be used to diag-
nose developmental delay, and is
known to be sensitive to effects of neu-
rotoxicants.31 Each test generates a
continuous Mental Developmental In-
dex (MDI) and Psychomotor Develop-
mental Index (PDI). Children are classi-
fied as normal or at risk for delay on
the basis of standardized cut-points
(normal: �85; at risk for delay: �85).
Trained bilingual research assistants
tested each child under controlled
conditions in the study office and were
monitored for interrater reliability.

Description of Potential Covariates

Covariates included known predictors
of development and factors that
potentially influenced the association
between permethrin and/or PBO expo-
sure and neurodevelopmental out-
comes. Covariates were assessed
through maternal self-report in the
prenatal questionnaire, including eth-
nicity, education, age, and prenatal ex-
posure to environmental tobacco
smoke (ETS).32 Gestational age (deter-
mined by date of the woman’s last
menstrual period and/or ultrasound),
birth outcome data (birth weight,
length, and head circumference), and
gender were obtained from the medi-
cal record. Education was categorized
as high school graduate or nongradu-
ate at the time of the interview. When
the child was aged 2 to 3 years, the
mother’s nonverbal intelligence was
measured by using the Test of Nonver-
bal Intelligence (TONI), second edition,
a 15-minute language-free measure of

general intelligence that is relatively
stable and free of cultural bias.33 The
quality of the care-taking environment,
measured by use of the Home Observa-
tion for Measurement of the Environ-
ment (HOME), was also assessed when
the child was aged 2 to 3 years.34 The
HOME score was used to assesses
the physical and interactive aspects of
the home environment35 and has been
widely used in studies of neurotoxici-
ty.36 TONI and/or HOME scores were
missing for 37 and 26 women, respec-
tively. The sample mean was substi-
tuted for those missing values to max-
imize sample size. Analyses conducted
with and without the imputed values
showed no differences in the magni-
tude of the covariate or the exposure
effects.

Our own recent findings linked ad-
verse neurodevelopmental sequelae
with prenatal chlorpyrifos exposure.8,9

However, in 2000–2001 the US Environ-
mental Protection Agency withdrew
the residential registrations for chlor-
pyrifos. After these restrictions were
imposed, levels of chlorpyrifos in per-
sonal air and maternal and cord
plasma samples dropped significantly
with little variability, and the lower lev-
els are no longer associated with ad-
verse outcomes. In the current study,
participants were enrolled after enact-
ment of the US Environmental Protec-
tion Agency regulations. Among partic-
ipants selected for the current
analyses, chlorpyrifos is not associ-
ated with our exposure dosimeters (ie,
PBO and permethrin), and inclusion of
chlorpyrifos in the regression models
did not improve the model fit. There-
fore, chlorpyrifos was not included as
a covariate in our final models.

Statistical Analysis

We estimated the effects of prenatal
permethrin exposure on neurocogni-
tive development using multivariate
linear regression for continuous
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BSID-II scores and multivariate logistic
regression for categorical BSID-II
scores. In maternal personal air sam-
ples and maternal/cord plasma sam-
ples, detection of cis- and trans-
permethrin was low (range: 5%–18%).
Consequently, we created dichoto-
mous variables (0, permethrin levels
less than the lower LOD; 1, permethrin
levels greater than the lower LOD).

We developed 3 models to examine the
association between PBO and neurode-
velopment in children aged 36 months.
PBO was detected in the majority of
personal air samples (75%). Levels be-
low the LOD (0.1 ng/m3) were assigned
a value of one-half the detection limit
concentration. Levels were logarithmi-
cally transformed to normalize a posi-
tively skewed distribution. We used
model 1 to examine associations be-
tween log-transformed PBO exposure
and continuous BSID-II scores. With
model 2 we used the 5 categories of
PBO exposure to assess the potential
dose-response relationships between
exposure and developmental out-
comes. The lowest exposure group in-
cluded subjects with PBO levels below
the LOD; subjects with other values for
PBO levels were categorized into 4
equally sized exposure groups. The 5
resulting categories were: reference,
levels� LOD; first quartile, lowest PBO
exposure; second quartile, low-to-mid
PBO exposure; third quartile, midhigh
PBO exposure; fourth quartile, highest
quartile of PBO exposure. Indicator
variables were used in the multiple re-
gression analyses to compare mean
developmental scores among subjects
within each exposure group (second to
fifth categories) to those in the refer-
ence group. For MDI, the only group for
which mean 36-month BSID-II scores
were significantly lower was the group
exposed to the highest levels of PBO
(fifth category). Therefore, we com-
puted a dichotomous exposure vari-
able to classify subjects from the fifth

category into those exposed to high
levels of PBO (�4.34 ng/m3) versus
those exposed to all lower levels
(4.34� ng/m3) (model 3).

On the basis of standardized MDI and
PDI cut-points, we used multiple logis-
tic regression to examine the odds of
36-month developmental delay. The ex-
posure measures for multiple logistic
regression were the same as those
used for multiple linear regression.
For permethrin in personal air and
maternal/cord plasma, we used the di-
chotomous exposure variables. For
PBO in personal air, we use the 3 re-
gression models described previously.

The final approach included exposure
variables for both permethrin and
PBO. On the basis of determinants of
neurodevelopment described in the lit-
erature, we explored the significance
of 2-way interactions of (1) air levels of
permethrin isomers and PBO, (2) air
levels of PBO and education status
(self-reported high school education),
and (3) air levels of PBO and ETS
exposure.

RESULTS

Table 1 presents the demographic
characteristics of 348 subjects and
their children. In general, these sub-
jects do not differ from those in the
parent cohort. However, subjects re-
ported ETS exposure less frequently
than those not selected (27.0% in the

selected cohort versus 41.3% in the
parent cohort, chi-squared � 15.3,
P � .01). Among the 348 subjects,
there were differences in demo-
graphic characteristics according to
level of pesticide exposure. Women
with PBO exposure levels in the highest
quartile were less likely to have a high
school diploma (64.0% vs 34.0%, �2�
13.1, P� .05) and scored lower on the
home inventory (37.2 vs 39.6, t test, P�
.05) than women with PBO exposure
levels in the lower quartiles.

Table 2 presents data for the distribu-
tion of pesticide concentrations in per-
sonal air samples collected during
pregnancy and maternal/cord plasma
samples collected on delivery. PBOwas
weakly associated with cis- and trans-
permethrin in personal air (Spear-
man’s r� 0.29; P� .001 and r� 0.23;
P� .001, respectively). Air levels of cis-
and trans-permethrin isomers were
strongly intercorrelated (Spearman’s
r � 0.86; P � .001). Both isomers of
permethrin were correlated across
maternal and cord plasma samples
(cis-permethrin Spearman’s r � 0.30,
P � .001 and trans-permethrin r �
0.23; P � .002). In plasma, cis- and
trans-permethrin isomers were not
significantly intercorrelated.

Table 3 shows the covariate models
used in multiple regression analyses
to examine associations between PBO

TABLE 1 Demographic Characteristics of Mothers (N� 348) and Birth Outcome Data of Children

Characteristic Proportion, %

Race/ethnicity
African-American 32.0
Dominican 68.0
Maternal age, mean (range), y 25.4 (18–38)
Maternal education�high school degree at delivery 39.1
Maternal nonverbal intelligence, mean (SE) — 84.2 (0.75)
HOME score, mean (SE) — 39.5 (0.3)
Birth weight, mean (SE), g — 3377.8 (24.1)
Birth length, mean (SE), cm — 50.3 (0.2)
Birth head circumference, mean (SE), cm — 34.1 (0.1)
Gestational age, mean (SE), wk — 39.3 (0.1)
Gender (male) 46.8
Prenatal exposure to ETS 26.7

Missing values: birth weight, 4; birth length, 26; birth head circumference, 46.
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or permethrin exposure and 36-month
BSID-II. The covariates explained 25%
and 13%, respectively, of the total vari-
ance in MDI and PDI scores.

Prenatal Exposure to Permethrin
and 36-month BSID-II

In multivariate linear and logistic re-
gression analyses in which we con-
trolled for gender, ethnicity, gesta-
tional age, maternal intelligence
(assessed with the TONI), education,
quality of the home environment
(HOME), and prenatal exposure to ETS
there were no significant associations
between cis- or trans-permethrinmea-
sured in personal air samples and
mental or motor development at 36
months (data not shown). Similarly,
there were no significant associations

between cis- or trans-permethrinmea-
sured in maternal and/or umbilical
cord plasma samples and mental or
motor development at 36months (data
not shown).

Prenatal Piperonyl Butoxide and
36-month BSID-II

Figure 1 displays results of multiple
linear regression models used to esti-
mate the effects of prenatal PBO expo-
sure on 36-month MDI and PDI with
adjustment for covariates. Model 1
demonstrates a significant inverse as-
sociation between prenatal PBO expo-
sure and 36-month MDI. MDI scores de-
clined 1.3 points per log-unit increase
in PBO exposure (95% confidence in-
terval [CI]: �0.33 to �2.25; P � .008).
Model 2, in which we used PBO expo-

sure as a 5-category variable, demon-
strates an adverse effect of PBO on 36-
month MDI, with the strongest effect
in the highest quartile versus the ref-
erent group (odds ratio: �4.57; 95%
CI:�0.30 to�8.84; P� .04). In model
3, the highest category of PBO expo-
sure versus all other groups is asso-
ciated with a 3.9-point mean decre-
ment in MDI score (95% CI: �0.25 to
�7.49; P � .04).

Table 4 displays the results of multiple
logistic regression analyses per-
formed to estimate the odds of delayed
mental development as a function of
prenatal PBO exposure, with adjust-
ment for covariates. Each log unit in-
crease in PBO exposure was associ-
ated with a 1.3-fold increased odds of
delayed mental development (95% CI:
1.06–1.66; P � .01). The most highly
exposed children experienced 3.11-
fold (95% CI: 1.38–6.98; P � .006) in-
creased odds of mental delay com-
pared with the referent group (all
other categories of exposure).

PBO was not significantly associated
with 36-month PDI either as a continu-
ous or a categorical variable (Mean
� � SE � �0.79 � 0.64; OR [95% CI]:
0.98 [0.73–1.30]). In this cohort, only 26
children demonstrated any evidence
of motor delay (PDI � 85). Because of
this small number, no additional anal-
yses of the association between PBO
and PDI were undertaken.

Prenatal Exposure to PBO and
Permethrin and BSID-II at 36
Months

We examined the effects of combined
exposure to PBO and permethrin on
36-month mental development of
children. Addition of cis- or trans-
permethrin in personal air to the PBO
model did not change themagnitude of
the effect of PBO on 36-month MDI or
PDI. There were no significant interac-
tions between PBO and permethrin
(data not shown), nor were any inter-

TABLE 2 Prenatal Exposure to Pesticides in Personal Air Samples Collected During the Third
Trimester of Pregnancy and Maternal/Cord Samples Collected at Delivery

n LODa %�LOD 25% 50% 75% 95%

Personal air, ng/m3

Piperonyl butoxide 230 0.10 75.2 0.18 0.42 1.12 7.94
Cis-permethrin 342 0.18 18.7 �LOD �LOD 0.21 1.39
Trans-permethrin 340 0.36 16.5 �LOD �LOD 0.39 2.10
Plasma, pg/g
Maternal cis-permethrin 272 1.0 12.9 �LOD �LOD �LOD 1.66
Cord cis-permethrin 240 1.0 7.1 �LOD �LOD �LOD 1.48
Maternal trans-permethrin 272 1.0 18.0 �LOD �LOD �LOD 4.06
Cord trans-permethrin 240 1.0 5.4 �LOD �LOD �LOD 1.07

a LOD for personal air was determined as nanograms per extract. On calculation of nanograms per cubicmeter, LODs varied
slightly depending on the concentration of the extract and the amount of air sample collected during a 48-hour period. The
mean volume of air samples was 11 � � � .

TABLE 3 Multiple Linear Models of Covariates Included in Analyses of Associations Between
Prenatal Pesticide Exposure and 36-Month BSID-II Scores (N� 348)

36-Month MDI Score 36-Month PDI Scorea

�, Mean� SE P �, 95% CI P

Genderb �3.86� 1.18 .001 �5.28� 1.43 �.001
Ethnicityc 6.61� 1.42 �.001 4.66� 1.71 .002
Gestational age 0.11� 0.47 .82 0.91� 0.57 .12
Maternal TONI score
Indicator 1 0.52� 1.50 .72 1.52� 1.81 .40
Indicator 2 �0.38� 1.68 .83 �1.23� 2.04 .54
Indicator 3 �1.09� 2.22 .62 �0.93� 2.68 .73
Maternal educationd �2.19� 1.27 .09 1.04� 0.03 .91
HOME score 0.46� 0.11 �.001 0.40� 0.13 .002
ETSe 0.65� 1.38 .64 2.59� 1.66 .12
a Two subjects had 36-month PDI scores below the minimal obtainable score of 50 and were therefore considered untest-
able.
b 0 indicates male; 1, female.
c 0 indicates Dominican; 1, African American.
d 0 indicates less than high school education; 1, equivalent to or greater than high school education.
e 0 indicates no ETS; 1, ETS.
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actions between pesticide exposure
and potential effect modifiers includ-
ing education and ETS significant (data
not shown).

DISCUSSION

Our results demonstrate a significant
association between PBO measured in
personal air collected during the third
trimester of pregnancy and delayed
mental development at 36 months

among children in this cohort. Previ-
ous data showed a significant increase
in PBO in maternal personal air sam-
ples after the residential restriction on
OP insecticides and also a significant
association between personal air PBO
levels and use of spray insecticides
within the home during pregnancy.12

To our knowledge, no previous data
suggest an adverse effect of PBO expo-
sure on neurocognitive development.

PBO works as a synergist by potentiat-
ing the insecticidal action of pyre-
throid insecticides. Most pyrethroid
insecticides are detoxified by cyto-
chrome P450 enzymes. PBO inhibits cy-
tochrome P450 enzyme activity, thus
delaying the detoxification of active
pyrethroid parent compounds.22

Few studies have investigated the
developmental toxicity of PBO. In a
2-generation study of dietary PBO ex-
posure, F1-generation mice displayed
restrained olfactory orientation. In ad-
dition, dietary PBO exposure resulted
in increased movement (average
speed and total distance) in a dose-
response manner among male mice.37

No human studies have examined po-
tential reproductive and neurobehav-
ioral effects. Because the systemic tox-
icity of PBO in humans is relatively low,
concern for health effects could arise
from its potential to interfere with
P450 activity and alter the metabolism
of other xenobiotic compounds, includ-
ing pharmaceutical medications38 and
other pesticides. In addition, exposure
to PBO has been shown to generate re-
active oxygen species via metabolic

FIGURE 1
Linear regression models to test the effects of prenatal exposure to PBO measured in personal air on the risk of delayed mental development in children
aged 36months. Data were adjusted for gender, ethnicity, prenatal ETS exposure, gestational age at birth, maternal nonverbal intelligence (TONI), maternal
education, and quality of the home environment (HOME) (n � 230). Coding of covariates: gender (0 indicates male; 1, female), ethnicity (0 indicates
Dominican; 1, African American), prenatal ETS (0 indicates no ETS; 1, yes ETS), maternal education (0 indicates high school or equivalent; 1, less than high
school).

TABLE 4 Multiple Logistic Regression Models Testing Effects of Piperonyl Butoxide in Personal Air
on the Odds of Delayed Mental Development (MDI�85) (n� 230)

Median Piperonyl
Butoxide,
ng/m3a

Subjects With
MDI Score

�85, n

Subjects With
MDI Score

�85, n

Odds Ratio
(95% CI)

P

Model 1a

(ln)PBO 0.51 170 60 1.32 (1.06–1.66) 0.01
Model 2b

Reference — 42 15 — —
1st Quartile vs reference 0.27 32 8 0.61 (0.21–1.74) 0.36
2nd Quartile vs reference 0.45 41 8 0.58 (0.21–1.64) 0.31
3rd Quartile vs reference 0.87 32 10 0.97 (0.95–2.60) 0.95
4th Quartile vs reference 4.33 23 19 2.49 (0.95–6.54) 0.06
Model 3c

4th Quartile vs all other
categories

4.33 23 19 3.11 (1.38–6.98) 0.006

All models adjusted for gender, ethnicity, gestational age, maternal nonverbal intelligence (TONI), education, quality of the
home environment (HOME), and prenatal exposure to ETS and plasma chlorpyrifos.
a Exposure assessed as (ln)PBO; geometric mean is presented.
b 5 categories of PBO exposure: 0 indicates reference (less than LOD); quartiles (1–4) of values in the detectable range.
c 2 categories of PBO exposure: 0 indicates reference (less than LOD) and lowest 3 quartiles; 1, highest quartile of values.
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pathways and to induce oxidative
DNA damage.39 Oxidative stress could
be a mechanism of altered neuro-
logic development. Alternatively, PBO
may interfere with detoxification of
endogenous or exogenous neuro-
toxic substances and these sub-
stances have an impact on nervous
system development at higher PBO
concentrations.

We did not observe significant associ-
ations between cis- and/or trans-
permethrin measured in either prena-
tal personal air or maternal/cord
plasma and 36-month BSID-II scores.
However, measuring permethrin in en-
vironmental and biological samples is
challenging. Most pyrethroid insecti-
cides, including permethrin, are not
volatile19; thus our ability to detect
them in personal air samples is fairly
low. In addition, pyrethroid insecti-
cides, including permethrin, are rap-
idly metabolized.32 Residues of parent
compounds stay in the body �24
hours. Difficulties measuring per-
methrin in maternal and cord plasma
may prevent us from seeing significant
associations with neurodevelopmen-
tal outcomes. Such difficulties also ex-
plain the lack of association between
PBO and cis- and trans-permethrin in
air. Because PBO is volatile and per-

methrin is not volatile, we would not
expect to find a strong association be-
tween the 2 compounds.

With the exception of the increased
odds of motor delay in the lowest PBO
exposure group, prenatal exposure to
PBO seems to have an impact on cog-
nitive rather than motor development.
This finding is worrisome because MDI
scores are more predictive of school
readiness.40,41 Although effects of PBO
exposure on MDI in this study were
modest, they were comparable inmag-
nitude to reports from studies of other
prenatal neurotoxicants that affect de-
velopment in young children.42–45

The authors acknowledge several lim-
itations of the study design. Although
we evaluated multiple covariates as
potential confounders in the current
study, it is possible that unmeasured
factors confound the relationship be-
tween PBO and 36-month developmen-
tal outcomes. For example, we ob-
served an unexpected increase in the
odds of motor delay among children in
the lowest PBO exposure group and did
not observe an effect onmotor delay in
any of the higher exposure groups. Al-
though this could be a chance finding
attributable to small sample size, it is
possible that uncontrolled exposures
to other pesticides or neurodevelop-

mental toxicantsmay have confounded
these results. In addition, this study
would have benefitted from an internal
measure of PBO exposure; however, at
the time of publication no validated
laboratory methods existed to mea-
sure PBO or its metabolites in blood or
urine samples.

CONCLUSIONS

We observed a significant inverse as-
sociation between prenatal expo-
sures to PBO, a pyrethroid synergist,
and 36-month neurodevelopment. We
did not observe a significant associ-
ation between prenatal exposure to
permethrin and adverse neurodevel-
opment. These findings should be
considered preliminary and may
be useful for generating future
hypotheses.
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