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Abstract
The detrimental effects of organophosphate pesticide (OP) exposure on neurodevelopment have been shown in

animals. The present study aimed to assess the relationship between in utero and early postnatal OP exposure and

neonatal neurobehavior in humans, as measured by seven clusters (habituation, orientation, motor performance, range of

state, regulation of state, autonomic stability, and reflex) on the Brazelton Neonatal Behavioral Assessment Scale

(BNBAS). We assessed 381 infants �2 months old and born to women participating in the Center for the Health

Assessment of Mothers and Children of Salinas (CHAMACOS) study, a longitudinal, birth cohort study of low-income,

Latina women living in the agricultural community of the Salinas Valley, California. Exposure to OP pesticides was

determined by urinary levels of dialkylphosphate (DAP) metabolites, including dimethyl and diethylphosphate meta-

bolites, measured twice during pregnancy (M = 14 and 26 weeks gestation) and once post-delivery (M = 7 days

postpartum). The relationship between exposure and BNBAS performance was examined for the entire sample and

stratified by the median age at assessment, 3 days. We observed a significant association between exposure and the reflex

cluster for the entire sample and for infants >3 days old (n = 184). Among the >3 day old infants, increasing average

prenatal urinary metabolite levels were associated with both an increase in number of abnormal reflexes (total DAP:

adjusted b = 0.53, 95% CI = 0.23, 0.82; dimethyls: adjusted b = 0.41, 95% CI = 0.12, 0.69; diethyls: adjusted b = 0.37,

95% CI = 0.09, 0.64), and the proportion of infants with more than three abnormal reflexes (total DAP: adjusted

OR = 4.9, 95% CI = 1.5, 16.1; dimethyls: adjusted OR = 3.2, 95% CI = 1.1, 9.8; diethyls: adjusted OR = 3.4, 95%

CI = 1.2, 9.9). No detrimental associations were found between postnatal urinary metabolite levels and any of the BNBAS

clusters for infants �3 or >3 days old at assessment. Whether neonatal reflex functioning is predictive of neuropsycho-

logical functioning as the child matures will continue to be evaluated in this birth cohort.
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INTRODUCTION

Pesticide use is widespread in the United States,

with more than one billion pounds of pesticides used

annually (Donaldson et al., 2000). Recent studies have

indicated that individuals working in agriculture, as

well as their children, may be at higher risk of pesticide
ed.
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exposure than the general population (Curl et al., 2002;

Fenske et al., 2002; Lu et al., 2000; McCauley et al.,

2001; O’Rourke et al., 2000; Simcox et al., 1999).

Links between exposure to organophosphate pesti-

cides (OPs) and sub-optimal neurodevelopment are

found in numerous animal studies in the literature

(Eskenazi et al., 1999). These studies have shown that

animals experiencing in utero OP exposure demon-

strate decreased balance (Muto et al., 1992), increased

righting reflex time and poorer cliff avoidance (Chanda

et al., 1995; Chanda and Pope, 1996). It has been

suggested that OP exposure may contribute to poorer

neurobehavioral functioning in young animals by pro-

ducing cellular deficits in their developing brains,

particularly in regions rich with cholinergic projections

(Campbell et al., 1997; Eskenazi et al., 1999). Reason-

able evidence exists that these deficits may result even

with lower level exposure if it occurs during critical

periods of brain development (Eskenazi et al., 1999). A

recent study in which the commonly-used diethyl

organophosphate insecticide, chlorpyrifos, was admi-

nistered to neonatal rats further indicated that neonatal

exposure produces numerous and persistent deficien-

cies in cholinergic synaptic function which can con-

tinue into adulthood (Slotkin et al., 2001).

The Brazelton Neonatal Behavioral Assessment

Scale (BNBAS) (Brazelton and Nugent, 1995) is a

widely used assessment tool of neonatal neurodevelop-

ment. Over the past 30 years, many researchers have

used this scale to measure the influence of various in

utero environmental exposures on newborn neurobe-

havioral capacities. These exposures include cocaine

(Black et al., 1993; Chasnoff et al., 1985; Coles et al.,

1992; Datta-Bhutada et al., 1998; Delaney-Black et al.,

1996; Dreher et al., 1994; Eisen et al., 1991; Eyler

et al., 1998; Mayes et al., 1993; Morrow et al., 2001;

Neuspiel et al., 1991; Tronick et al., 1996), marijuana

(Dreher et al., 1994), obstetric medications (Lieberman

et al., 1979; Wittels et al., 1990), lead (Emory et al.,

1999; Ernhart et al., 1986), polychlorinated biphenyls

(PCBs) (Stewart et al., 2000), and dichlorodiphenyldi-

chloroethylene (DDE) (Rogan et al., 1986). To date, no

research has been published exploring the relationship

between in utero OP exposure and neurobehavioral

outcomes in neonates.

The current analysis aims to assess whether in utero

and early postnatal OP exposure has a detrimental

impact on neurobehavioral functioning, as assessed

by the BNBAS, of full-term neonates born to a cohort

of pregnant women living in the Salinas Valley, Cali-

fornia. The Salinas Valley, commonly referred to as the

‘‘nation’s salad bowl’’, is one of the major centers of
agricultural production in the United States with

approximately 500,000 pounds of OPs applied

annually (California EPA, 2002).
MATERIALS AND METHODS

Participants and Recruitment

Pregnant women initiating prenatal care at Nativi-

dad Medical Center, a county hospital located in the

city of Salinas, or at Clı́nica de Salud del Valle de

Salinas located in the Salinas Valley, were recruited to

participate in the Center for the Health Assessment of

Mothers and Children of Salinas (CHAMACOS) pro-

ject. CHAMACOS is a longitudinal birth cohort study

assessing the impacts of pesticides and other environ-

mental exposures on the health of pregnant women and

their children. The recruitment sites largely serve a

low-income population of which a substantial propor-

tion are agricultural workers.

Women considered eligible for the study were less

than 20 weeks gestation, aged 18 years or older, Medi-

Cal eligible, fluent in English and/or Spanish, and

planning to deliver at Natividad Medical Center. A

total of 601 women were enrolled between October

1999 and October 2000, with 528 followed through

delivery of a live born infant. The BNBAS was per-

formed on 421 infants. Of these 421 infants, eight twins

and 27 preterm infants were excluded from analysis.

As administration of the BNBAS is appropriate up to

the second month of life (Brazelton and Nugent, 1995),

an additional five infants whose assessments were

performed more than 2 months (62 days) after delivery

were further excluded from this analysis. Thus, the

final sample consisted of 381 full-term, singleton

infants, who were �62 days old at the time the BNBAS

was administered. Institutional Review Boards at par-

ticipating institutions approved this study and investi-

gators obtained written informed consent from all

mothers.

Interview, Medical Record Abstraction, and
BNBAS Procedures

Participants were interviewed twice during preg-

nancy, at an average of 14 � 8 and 26 � 2 weeks

gestation, and again after delivery, at an average of

7 � 17 days postpartum (76% occurred within 1 week

of delivery). Bilingual, bicultural interviewers con-

ducted the interviews in English or Spanish and ascer-

tained family demographic information; work histories
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of household members; maternal behaviors such as

smoking, alcohol, and drug use; and maternal medical

history data, including information on previous preg-

nancies. Medical records from prenatal visits and

delivery were abstracted by a registered nurse.

The BNBAS was administered once to each infant

and in accordance with the BNBAS protocol, by four

examiners trained to reliability by a BNBAS certified-

trainer. Examiners were blind to the infant’s exposure

status. Approximately 30% of the assessments

included in the final sample were completed prior to

discharge from the hospital; the remainder was per-

formed at the CHAMACOS research office or in the

participant’s home. Assessments were performed away

from the mother in a private room with low-level light

and noise control.

Pesticide Exposure Measurement

Exposure was assessed by measurement of organo-

phosphate dialkylphosphate (DAP) metabolites in

urine. Six organophosphate DAP metabolites were

measured in maternal urine: three dimethylphosphate

metabolites (dimethylphosphate (DMP), dimethyl-

dithiophosphate (DMDTP), dimethylthiophosphate

(DMTP)); and three diethylphosphate metabolites

(diethylphosphate (DEP), diethyldithiophosphate

(DEDTP), and diethylthiophosphate (DETP)). These

six metabolites represent the by-products of appr-

oximately 80% of OPs used in the Salinas Valley

(California EPA, 2002).

Maternal urine specimens were generally collected

at the time of the prenatal and post-delivery interviews.

The post-delivery urines were collected within 1 week

of delivery for 73% of the sample, with the remainder

up to 176 days afterwards. Given the very brief half-life

of OPs, metabolite levels in postnatal urines more

likely reflected early postnatal rather than in utero

exposure. Urine specimens were aliquoted and stored

at �80 8C until shipment to the Centers for Disease

Control and Prevention (CDC) for analysis of the

metabolite levels. Metabolite levels were measured

using gas chromatography–tandem mass spectrometry

and quantified using isotope dilution calibration (Bravo

et al., 2002). A detailed description of urine sample

collection, analysis, and quality control procedures is

provided elsewhere (Eskenazi et al., 2004).

Outcome Definition

The BNBAS consists of 28 behavioral items scored

on a nine-point scale and 18 reflex items scored on a
four-point scale. For analysis, the 28 behavioral scores

and 18 reflex items were reduced to seven clusters in

accordance with the widely used, conceptually and

empirically-based scoring method originally devel-

oped by Lester et al. (1982). These seven clusters

include: habituation (light, rattle, bell, pin-prick);

orientation (inanimate visual, inanimate auditory, inan-

imate visual–auditory, animate visual, animate audi-

tory, animate visual–auditory, alertness); motor

performance (tonus, maturity, pull-to-sit, defense,

activity); range of state (peak of excitement, rapidity

of build-up, irritability, lability of state); regulation of

state (cuddliness, consolability, self-quieting, hand-to-

mouth); autonomic stability (tremors, startles, skin

color); and reflex (plantar, babinski, ankle clonus,

rooting, sucking, glabella, passive resistance—legs,

passive resistance—arms, palmar, placing, standing,

walking, crawling, incurvation, tonic deviation of head

and eyes, nystagmus, tonic neck reflex, moro reflex).

The six behavioral cluster scores are calculated by

recoding the original BNBAS items where necessary

such that higher scores represent more optimal func-

tioning. Individual items within each cluster are then

averaged. The seventh cluster, the reflex cluster score,

is the total number of reflexes coded as abnormal.

Thus, higher scores on the behavioral clusters indicate

more optimal functioning while higher scores on the

reflex cluster indicate less optimal functioning.

Data Analysis

In order to assess the relationship between urinary

metabolite levels and neonatal performance on the

BNBAS, separate regression models were fit for each

of the seven Lester clusters. Error distributions for the

regression models predicting performance on the beha-

vioral clusters were assumed Gaussian. In the case of

the reflex cluster, regression diagnostics were more

supportive of a Poisson error distribution. Thus, Pois-

son regression was used to model the association

between urinary metabolite levels and number of

abnormal reflexes.

Total DAP metabolite level was defined as the sum

of the molar concentrations of the six DAP metabolites,

dimethylphosphate metabolite level as the sum of the

molar concentrations of the three dimethylphosphate

metabolites only, and diethylphosphate metabolite

level as the sum of the molar concentrations of the

three diethylphosphate metabolites only. Total DAP,

dimethyl, and diethylphosphate levels were determined

for each participant for each of the two pregnancy

urine samples and for the post-delivery urine sample.
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Individual metabolite levels below the limit of detec-

tion (LOD) were assigned a value of the LOD divided

by the square root of two (Hornung and Reed, 1990)

and this value was included in each sum. For 10

participants, the level of one of the six metabolites

was not readable for one of the time points due to

analytic interference. As individual metabolite levels

within either the diethyl or dimethylphosphate groups

were highly correlated, missing values were imputed

using regression to predict the missing metabolite level

as a function of the other known metabolites for a

participant at that time point. The total DAP, dimethyl,

and diethylphosphate metabolite levels were then

transformed to the log10 scale.

Models relating metabolite levels to each cluster

score were initially fit including two variables: the

average of the two logged pregnancy measurements

(taking the average reduced large observed within-

person variability), and, as a separate variable, the

post-delivery measurement, with all models adjusted

for covariates. If either of the pregnancy urines were

missing, the one remaining was used to represent the

average. Eighteen mothers were missing one of the two

pregnancy urines. Sixteen mothers were missing the

post-delivery urine. In order not to exclude those with

missing post-delivery urines from the statistical mod-

els, results were re-examined with the variable repre-

senting post-delivery metabolite level excluded from

all models. Results were further re-examined with

metabolite levels adjusted for creatinine.

Missing individual BNBAS items for the six beha-

vioral clusters were imputed as the median value of

known scores within the cluster associated with the

missing item. The cluster score was subsequently

calculated with this imputed value. If all items in a

particular cluster were missing, then the cluster score

was considered missing. The requirement that the

infant be asleep immediately prior to the assessment

of the items in the habituation cluster resulted in a large

number of infants missing all four items comprising

this cluster. Fifty-four percent of the sample was

missing all habituation items and an additional 22%

required at least one imputation. Forty percent of the

sample required at least one imputation of the four

items comprising the regulation of state cluster, with

13, 25, and 0.5% of the sample requiring one, two, and

three items imputed, respectively. Individual items

with the most missing values for the regulation of state

cluster were consolability and self-quieting, both of

which required the infant to be in a crying state for at

least 15 s. For the autonomic, motor, orientation, and

range of state clusters, 1, 3, 4, and 9% of the sample
required at least one imputation, respectively. Two

infants were missing all items comprising the orienta-

tion cluster score.

Missing individual reflex items comprising the

BNBAS reflex cluster were not imputed; thus, number

of abnormal reflexes was calculated based on non-

missing values only. Reflexes with the most missing

values included incurvation (9%), nystagmus (7%),

and tonic neck reflex (7%). Missing values did not

exceed 4% for the remaining reflex items.

Covariates were initially selected based on their

predictive value of BNBAS performance reported in

the literature. Maternal characteristics included: age,

pre-pregnancy body mass index (BMI), any smoking

during pregnancy, any alcohol use during pregnancy,

any caffeine use during pregnancy, any drug use during

pregnancy, any vitamin use during pregnancy, gesta-

tional age at which prenatal care was initiated, total

number of prenatal care visits, mean blood pressure

over pregnancy (diastolic and systolic), parity (0 versus

�1), method of delivery (Cesarean versus vaginal), any

general anesthesia used during delivery, breastfeeding

initiated after delivery, and poverty level (at or below

poverty, 200% poverty, >200% poverty). Poverty level

was calculated by dividing household income by the

number of people supported by that income and com-

paring this value to federal poverty thresholds (U.S.

Census Bureau, 2000). Other covariates included:

infant sex, age in days at BNBAS, minutes since last

fed at BNBAS, and BNBAS examiner.

Covariates from this list were selected for final

regression models if they were related to each of the

seven cluster scores, unadjusted for other variables

(p < 0.15). Missing covariate values were imputed

by random selection of an individual amongst all

participants with known values for the covariate and

assigning the missing value the selected participant’s

value. Covariates with the largest percentage of items

requiring imputation were reported breastfeeding after

delivery (9%) and poverty level (6%). Other covariates

requiring imputations for 2% or less of the sample

included: pre-pregnancy BMI, any smoking during

pregnancy, any alcohol use during pregnancy, any

caffeine use during pregnancy, any drug use during

pregnancy, any vitamin use during pregnancy, and

minutes since last fed at BNBAS.

Some studies have recently suggested that in utero

pesticide exposure may be associated with birth weight

or gestational age (Berkowitz et al., 2004; Eskenazi

et al., 2004; Whyatt et al., 2004). Therefore, it is

possible that fetal growth and length of gestation

may be on the causal pathway between the exposure
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Table 1

Demographic characteristics of analysis sample (CHAMACOS

study, Salinas Valley, California, 2000–2001, n = 381a)

N %

Maternal education

Less than 6th grade 165 43.3

7th through 12th grade 145 38.1

Completed High school 71 18.6

Marital status

Married/living as married 309 81.1

Single 72 18.9

Parity

0 123 32.3

1+ 258 67.7

Country of birth

Mexico 324 85.0

US 49 12.9

Other 8 2.1

Poverty

At or below poverty level 228 63.5

200% Poverty level 116 32.3

Above 200% poverty level 15 4.2

Smoked during pregnancy
and neurobehavioral outcome. For this reason, regres-

sion models for the full sample were refit both with and

without birth weight and gestational age as covariates.

While the BNBAS can be appropriately adminis-

tered up through the first 2 months of life, there is some

question as to whether estimated associations would be

impacted by the wide variation in age of infants at

administration, ranging from 0 to 62 days post-deliv-

ery. All regression models included age at administra-

tion as a covariate; however, in an attempt to assess

differences in the acute and delayed postnatal impacts

of in utero OP exposure, we separately examined

infants with BNBAS administration occurring within

the first 3 days of life (n = 197) and infants with

assessments performed after this point (n = 184). Three

days was the median age at administration for the

sample of 381 infants. Further, a number of investiga-

tors have restricted BNBAS assessment during the

early neonatal period to the third day, or within the

first 3 days, of life (Black et al., 1993; Chasnoff et al.,

1985; Coles et al., 1992; Dreher et al., 1994; Lieberman

et al., 1979; Neuspiel et al., 1991; Wittels et al., 1990).

Yes 20 5.3

No 358 94.7

Alcohol use during pregnancy

Yes 59 15.6

No 320 84.4

Caffeine use during pregnancy

Yes 284 74.9

No 95 25.1

Cesarean delivery

Yes 91 23.9

No 290 76.1

General anesthesia

Yes 10 2.6

No 371 97.4

Breastfeeding initiated after delivery

Yes 301 92.6

No 24 7.4

Infant sex

Female 200 52.5

Male 181 47.5
a Total number of observations vary due to missing data (table entries do

not include imputed values).
RESULTS

Table 1 presents demographic characteristics of the

sample. The mean maternal age was 26 � 5 years.

Most women were at or below the poverty line

(64%), born in Mexico (85%), multiparous (68%),

married or living as married (81%), and had not

completed high school (81%). Few women smoked

(5%) or drank alcohol (16%) during pregnancy, with a

much higher percentage reporting caffeine use (75%).

Only 1% of the sample reported any illicit drug use

during pregnancy. Cesarean delivery was performed in

24% of the births with 3% requiring general anesthesia.

Most women reported initiating breastfeeding after

delivery (93%). The sample consisted of a nearly equal

number of male and female infants.

Table 2 shows the distributions for total DAP,

dimethyl, and diethylphosphate urinary metabolite

levels. Median metabolite levels for the average of

the two pregnancy measurements of total DAP,

dimethyl, and diethylphosphates in maternal urine

were 132, 97, and 21 nmol/L, respectively. Median

post-delivery measurements were higher at 222, 160,

and 27 nmol/L, for total DAP, dimethyl, and diethyl-

phosphates, respectively. Urinary metabolite levels

measured at the two points during pregnancy were

not significantly correlated with each other or with the

post-delivery measurement, with all estimated correla-
tions below 0.1 for total DAP, dimethyl, and diethyl-

phosphate metabolite levels.

The median age at administration of the BNBAS

was 3 days, with an interquartile range between 1 and

26 days post-delivery, and a mean of 18.0 � 17.5 min

since the last feeding. The four examiners administered

236 (62%), 114 (30%), 23 (6%), and 8 (2%) of the 381

assessments. Sample mean values, standard deviations,
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Table 2

Number of women with measurements, median values, and ranges of dialkylphosphate metabolite levelsa during pregnancy and post-delivery

(CHAMACOS Study, Salinas Valley, CA, 2000–2001)

Marker of exposure Parent compounds or class N Median Range Measured in

Dialkylphosphate metabolites (nmol/L)

Total dialkylphosphates Sum of below Urine

Average pregnancy 381 132 12–4,177

Post-delivery 365 222 7–21,867

Dimethylphosphates Malathion, oxydemeton-methyl, dimethoate, naled, methidathionb Urine

Average pregnancy 381 97 5–4152

Post-delivery 365 160 5–21,857

Diethylphosphates Diazinon, chlorpyrifos, disulfoton Urine

Average pregnancy 381 21 2–680

Post-delivery 365 27 2–666
a Urinary metabolites: average of two pregnancy measurements, post-delivery measurement. Not adjusted for creatinine.
b Only parent compounds with annual usage in Salinas Valley exceeding 10,000 lb are listed.

Table 3

BNBAS Lester cluster scores for study sample (CHAMACOS

Study, Salinas Valley, California, 2000–2001)

N Mean S.D. Range

Habituation 175 6.6 1.1 3.5–8.8

Orientation 379 7.5 1.4 1.6–9.0

Motor 381 5.8 0.7 4.0–7.2

Range of state 381 3.4 1.0 1.3–5.3

Regulation of state 381 5.7 1.3 1.3–8.8

Autonomic stability 381 7.0 0.9 4.3–8.0

Reflexes 381 2.2 1.8 0–10
and ranges for each of the seven cluster scores are

presented in Table 3.

Table 4 presents adjusted regression coefficients and

95% confidence intervals, based on the entire sample,

for each of the seven cluster scores regressed separately
Table 4

Association between average urinary metabolites of organophosphate pes

scores (CHAMACOS Study, Salinas Valley, California, 2000–2001)

Dialkylphosphate metabolitesa (nmol/L

N Total dialkylphosphates

b (95% CI)

Habituationb 175 0.03 (�0.34, 0.40)

Orientationc 379 �0.17 (�0.50, 0.17)

Motor performanced 381 �0.03 (�0.19, 0.14)

Range of statee 381 0.09 (�0.16, 0.34)

Regulation of statef 381 �0.07 (�0.39, 0.24)

Autonomic stabilityg 381 �0.16 (�0.36, 0.05)

Reflexesh 381 0.23 (0.05, 0.41)*

a Urinary metabolite levels are not adjusted for urinary creatinine concentrati
b Adjusted for age at BNBAS, smoking, alcohol, method of delivery, minutes
c Adjusted for age at BNBAS, BNBAS interviewer, and number of prenatal c
d Adjusted for age at BNBAS, poverty level, gestational age at initiation of p
e Adjusted for age at BNBAS, number of prenatal care visits, gestational age
f Adjusted for age at BNBAS, pre-pregnancy BMI, infant sex, parity, caffeine
g Adjusted for age at BNBAS, infant sex, parity, vitamin use, minutes since f
h Adjusted for age at BNBAS, maternal age at delivery, smoking, vitamin us
* p < 0.05.
on average total DAP, dimethyl, and diethylphosphate

metabolite levels measured during pregnancy. A sig-

nificant association was estimated between increasing

total DAP, dimethyl, and diethylphosphate metabolite

levels during pregnancy and increasing number of

abnormal reflexes. No significant associations between

urinary metabolite levels and BNBAS performance

were observed based on the other clusters.

The results presented in Table 4 reflect models that

do not include the post-delivery urine as a separate

variable. Results based on models including this vari-

able (not shown) were nearly identical to those pre-

sented. Notably, none of the models demonstrated an

association between post-delivery urinary metabolite

measurements and BNBAS performance. Estimated

associations were somewhat reduced after adjustment
ticides measured during pregnancy and seven BNBAS Lester cluster

—log10 scale)

Dimethylphosphates

b (95% CI)

Diethylphosphates

b (95% CI)

�0.06 (�0.39, 0.27) 0.33 (�0.06, 0.72)

�0.12 (�0.43, 0.19) �0.32 (�0.66, 0.03)

�0.05 (�0.20, 0.10) 0.10 (�0.06, 0.27)

0.08 (�0.15, 0.32) �0.02 (�0.27, 0.24)

�0.05 (�0.34, 0.24) �0.15 (�0.47, 0.17)

�0.17 (�0.35, 0.02) 0.06 (�0.15, 0.27)

0.18 (0.02, 0.34)* 0.22 (0.04, 0.40)*

on.

since fed at BNBAS, and BNBAS interviewer.

are visits.

renatal care, and BNBAS interviewer.

at initiation of prenatal care, alcohol, and BNBAS interviewer.

use, and BNBAS interviewer.

ed at BNBAS, BNBAS interviewer, and illicit drug use during pregnancy.

e, BNBAS interviewer, and mean diastolic and systolic blood pressure.
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Table 5

Association between average urinary metabolites of organophosphate pesticides measured during pregnancy and seven BNBAS Lester cluster

scoresa (stratified by age at BNBAS assessment (�3 days vs. >3 days post-delivery; CHAMACOS Study, Salinas Valley, California, 2000–

2001))

Dialkylphosphate metabolitesb (nmol/L—log10 scale)

N Total dialkylphosphates

b (95% CI)

Dimethylphosphates

b (95% CI)

Diethylphosphates

b (95% CI)

�3 days

Habituation 109 0.10 (�0.40, 0.60) �0.04 (�0.49, 0.40) 0.47 (�0.05, 0.99)

Orientation 197 �0.02 (�0.53, 0.49) �0.08 (�0.54, 0.39) �0.11 (�0.65, 0.43)

Motor performance 197 0.04 (�0.20, 0.28) 0.03 (�0.19, 0.24) 0.08 (�0.17, 0.33)

Range of state 197 0.11 (�0.21, 0.43) 0.17 (�0.12, 0.46) �0.21 (�0.54, 0.12)

Regulation of state 197 �0.07 (�0.50, 0.36) �0.06 (�0.45, 0.33) �0.08 (�0.52, 0.37)

Autonomic stability 197 �0.09 (�0.38, 0.20) �0.15 (�0.42, 0.11) 0.31 (0.01, 0.61)*

Reflexes 197 �0.01 (�0.24, 0.22) �0.00 (�0.21, 0.20) 0.08 (�0.16, 0.32)

>3 days

Habituation 66 0.06 (�0.54, 0.66) 0.04 (�0.50, 0.58) 0.20 (�0.43, 0.83)

Orientation 182 �0.13 (�0.54, 0.27) 0.01 (�0.37, 0.38) �0.33 (�0.73, 0.08)

Motor performance 184 �0.07 (�0.28, 0.15) �0.11 (�0.31, 0.09) 0.17 (�0.05, 0.38)

Range of state 184 �0.02 (�0.44, 0.40) �0.12 (�0.51, 0.27) 0.20 (�0.21, 0.62)

Regulation of state 184 �0.10 (�0.58, 0.37) �0.06 (�0.50, 0.39) �0.24 (�0.72, 0.24)

Autonomic stability 184 �0.19 (�0.49, 0.12) �0.14 (�0.43, 0.14) �0.16 (�0.47, 0.14)

Reflexes 184 0.53 (0.23, 0.82)* 0.41 (0.12, 0.69)* 0.37 (0.09, 0.64)*

a Covariates for all models are identical to those reported in Table 4.
b Urinary metabolite levels are not adjusted for urinary creatinine concentration.
* p < 0.05.
for creatinine but remained in the same direction

(results not shown). Including birth weight and gesta-

tional age did not have a substantial impact on the

exposure coefficient, in terms of direction or precision,

for any of the models presented in Table 4.

Table 5 presents results analogous to those presented

in Table 4, but stratified by age at assessment. For

infants assessed within the first 3 days of life (n = 197),

only diethylphosphate metabolite levels and the auto-

nomic cluster were significantly associated; however,

the direction of this association was contrary to the

hypothesis of a harmful exposure effect. However,

similar to results for the entire sample, findings based

on infants assessed after the first 3 days (n = 184)

demonstrated a detrimental association between expo-

sure, as measured by total DAP, diethyl, and dimethyl-

phosphate metabolite levels, and reflex functioning.

The most common primitive reflexes rated as abnor-

mal in the infants assessed after 3 days of age included:

rooting (23%), passive resistance-legs (39%), walking

(25%), incurvation (40%), and Moro reflex (18%).

According to the Lester scheme (Lester et al., 1982),

a reflex is rated abnormal if it is not elicited despite

several attempts, or the reflex response is either

hypoactive or hyperactive. In nearly all cases, reflexes

were rated as abnormal due to failure to elicit a

response or a hypoactive response. The 18 reflex

items of the BNBAS, while not designed to provide
a neurological diagnosis, can potentially identify

gross neurologic abnormalities and more than three

abnormally rated reflexes may be clinically relevant

(Brazelton and Nugent, 1995). Of the infants older

than 3 days at assessment, 17% had more than three

abnormal reflexes.

Table 6 presents the proportion of infants older than

3 days at assessment with more than three abnormal

reflexes by quintiles of average log10 total DAP,

dimethyl, and diethylphosphate metabolite levels dur-

ing pregnancy. For total DAP, dimethyl, and diethyl-

phosphate metabolites, there is a significant trend of

increasing proportion of more than three abnormal

reflexes with increasing metabolite levels. A logistic

regression model was also fit to assess this association.

We found that the odds of having more than three

abnormal reflexes significantly increased with average

urinary metabolite levels during pregnancy, after

adjustment for covariates (identical to those in the

models for reflexes in Table 4). Specifically, we found

that, based on a one-unit change on the log10 scale, or

equivalently, a 10-fold increase such as from 10 to

100 nmol/L (the range of exposure is over 2 log10

units), the adjusted odds ratio for more than three

abnormal reflexes versus three or less was 4.9 for total

DAP (95% CI = 1.5, 16.1), 3.2 for dimethylphosphate

(95% CI = 1.1, 9.8), and 3.4 for diethylphosphate (95%

CI = 1.2, 9.9) metabolite levels during pregnancy.
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Table 6

Proportion of infantsa with more than three abnormal reflexes by

quintiles of urinary metabolite levelsb (CHAMACOS Study, Sal-

inas Valley, California, 2000–2001)

Level (nmol/L—log10) N Proportion

Total DAP

1.07–1.65 37 0.08

1.65–1.83 37 0.14

1.83–2.07 37 0.16

2.08–2.30 37 0.14

2.31–3.17 36 0.33

x2
trend ¼ 6:7; p ¼ 0:01

Dimethyls

0.68–1.48 37 0.08

1.48–1.69 37 0.14

1.70–1.95 37 0.16

1.95–2.19 37 0.24

2.19–3.15 36 0.22

x2
trend ¼ 4:7; p ¼ 0:03

Diethyls

0.51–0.90 37 0.16

0.90–1.10 37 0.05

1.11–1.27 37 0.16

1.28–1.58 37 0.14

1.58–2.35 36 0.33

x2
trend ¼ 4:0; p ¼ 0:05

a Within the group of infants assessed after 3 days post-delivery

(n = 184).
b Average of the two pregnancy measurements.
Results for the stratified analyses presented in

Table 5 are based on models that are unadjusted for

post-delivery urinary metabolite levels. Associations

between average pregnancy levels and BNBAS func-

tioning adjusted for post-delivery levels (not shown)

were nearly identical to those presented in Table 5. For

infants assessed within 3 days of birth, significant

associations were observed between postnatal total

DAP levels and the orientation cluster, as well as

between postnatal dimethylphosphate metabolite

levels and the orientation and regulation of state clus-

ters; however, the directions of these associations were

opposite to a priori hypotheses of a detrimental effect

of OP exposure. As in analyses based on the full

sample, post-delivery urinary metabolite levels were

not associated with any of the seven clusters in the

group of infants assessed after 3 days post-delivery.
DISCUSSION

Results of analyses based on this sample of 381

singleton, full-term infants, with age at BNBAS

assessment ranging from day of delivery to 62 days
post-delivery, are suggestive of a detrimental impact of

in utero OP exposure, as measured by total DAP,

dimethylphosphate, and diethylphosphate metabolites,

on reflex functioning, particularly in those infants

assessed after 3 days of life. This association with

increasing urinary metabolite levels was observed for

both increase in number of abnormal reflexes and the

proportion of infants with more than three abnormal

reflexes, a number that may be clinically relevant.

Rogan et al. (1986) similarly reported higher propor-

tions of more than three abnormal reflexes based on the

BNBAS reflex items amongst infants with higher

exposure to PCBs and DDE, with both chemicals

associated with hyporeflexia, and neither with hyper-

reflexia. They reported similar proportions of infants

with more than three abnormal reflexes in the highest

exposure groups to those reported in the present study.

We also found significant associations that were

contrary to a priori hypotheses of a detrimental impact

of OP exposure on neonatal neurobehavioral function-

ing. Whether these results are worthy of further inves-

tigation or simply the result of multiple testing is

unclear, particularly as there is no ready explanation

for a biological protective effect of OP exposure on

newborn neurobehavior.

Our results indicate a difference in the association

between prenatal urinary metabolite levels and reflex

functioning based on age at administration of the

BNBAS. Differences in associations between in utero

toxicants and BNBAS performance by age at admin-

istration have been found in other studies as well.

Dreher et al. (1994) assessed a group of Jamaican

infants exposed to marijuana in utero on the BNBAS

at 3 days and on the same infants again at 1-month old.

In this study, no significant differences were reported at

3 days while at 1 month, exposure was significantly

associated with autonomic stability, orientation, and

reflexes. Tronick et al. (1996) used the BNBAS at 2

days and/or 17 days post-delivery to assess the impact

of prenatal cocaine exposure on neonatal functioning

and, similarly, reported no significant findings based on

the earlier assessment, yet found an association of

exposure with the regulation of state cluster based

on the later assessment. Contrary to these findings,

Black et al. (1993), comparing infants with in utero

exposure to cocaine to unexposed infants on the

BNBAS in four administrations (the second or third

day of life, 2, 4, and 6 weeks after birth), found

significantly less optimal neurodevelopment in drug-

exposed infants soon after birth based on the orienta-

tion, regulation of state, and autonomic stability clus-

ters. Significant associations with exposure remained
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only for autonomic stability at the 2- and 6-week

assessments with no differences based on exposure

reported at 4 weeks post-delivery.

Various explanations may account for discrepancies

in estimated associations between in utero exposures

and performance on the BNBAS at different ages of

administration in these studies, as well as the present

study. Specifically, differences in findings may be due

to a delayed impact of in utero exposures on neuro-

behavioral functioning, or that the neurologic abnorm-

alities, which the BNBAS reflex items aim to identify,

may only be observed with maturity. Conversely, one

potential hypothesis is that postnatal environmental

exposures, such as take-home exposure from a farm

worker parent, inhalation, or possibly by consumption

of contaminated breast milk, may explain observed

associations between abnormal reflex functioning and

prenatal exposure biomarkers; however, we found

adjustment for postnatal urinary metabolite levels

did not substantially impact estimates of the associa-

tion of prenatal metabolite levels with reflex function-

ing or the other clusters. Further, the postnatal

metabolite levels themselves were not significantly

associated with any of the clusters.

The present study had the disadvantage of only

assessing each infant once. Thus, differences in find-

ings across age strata cannot clearly be attributed to

differences in the impact of exposure on functioning by

age at assessment. The possibility remains that differ-

ences may be, at least in part, due to inherent differ-

ences between those infants assessed earlier in the

neonatal period and those assessed later. However,

infants assessed within 3 days and infants assessed

after this point were generally similar on important

measures of newborn health including: Apgar scores

at 1 min (M = 8.0 � 0.9 and 7.8 � 1.1, respectively);

Apgar scores at 5 min (M = 8.9 � 0.3 and 8.8 � 0.5);

birth weight (M = 3510 � 430 g and 3519 � 420 g);

and gestational age at delivery (M = 39 � 1.2 weeks

and 39 � 1.2 weeks).

Another limitation of the present study is that mis-

classification of exposure may have hindered detection

of significant adverse associations between exposure

and neonatal neurobehavioral outcomes. OPs and their

metabolites have a brief residence time in the body

(Abu-Qare et al., 2001; Garfitt et al., 2002; Griffin

et al., 1999; WHO, 1996). Large within-person varia-

bility of DAP metabolite levels suggests that even

multiple isolated measurements over pregnancy may

not represent prenatal exposure, particularly when

exposure is transient and highly variable. Further,

while the DAP metabolites reflect exposure to approxi-
mately 80% of the OPs used in the Salinas Valley,

metabolite measurements in urine may also reflect

exposure to the metabolite itself, not only to the parent

compound (Lu et al., in press; Duggan et al., 2003;

Wilson et al., 2003). Presently, there are no better

methods of exposure assessment to capture exposure

to multiple organophosphate compounds.

In summary, the present study was suggestive of a

detrimental association between prenatal OP exposure,

as measured by urinary metabolite levels, and abnor-

mal reflexes, as measured by the BNBAS, particularly

in infants assessed after the first 3 days of life. Despite

limitations, this study is the first reported examination

of the impacts of organophosphate pesticide exposure

on human neurodevelopment using an exposure bio-

marker in a population with high potential for expo-

sure. Whether neonatal reflex functioning as measured

by the BNBAS is predictive of neuropsychological

functioning as the child matures will continue to be

evaluated in this birth cohort.
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