Avens Publishing Group

t ing Innova t ions
JInvi
Neurol
Psychol
November 2014 Vol.:2, Issue:3
© All rights are reserved by Chiriboga et al.

Neurobehavioral and
Developmental Trajectories
Associated with Level of
Prenatal Cocaine Exposure
Keywords:

Perinatal; Cocaine exposure; Behavior, Drug use;
Hypertonia; Neurologic; Child development

Abstract
Introduction: In experimental models, prenatal cocaine exposure
has been found to perturb GABA and dopamine development.
Clinically, abnormalities in tone, posture and state regulation are
noted in early infancy but the evolution of these findings over time
is not well described. The current study assesses the longitudinal
effects of prenatal cocaine exposure in dose-dependent fashion on
developmental & behavioral and neurological trajectories over the
first 2 years of life.
Methods: Three hundred and eighty infants, 113 cocaine-exposed,
were enrolled at birth from an urban hospital from 2000 to 2004. Exposure
was determined by maternal interview, segmental hair analyses
(RIAH™) in all, and meconium and urine in a subset. Developmental,
behavioral and neurological assessments were carried out blind to
drug exposure at 6, 12 and 24 months of age in the 306 children who
returned in follow-up. Mixed-effects linear modeling (developmental
growth curve) assessed change in outcome over time.
Results: The mental developmental growth curve showed a
negative slope (2.2 points) in adjusted analyses among cocaineexposed children over the first 2 years of life. (p=.04), while the
slope of the motor development growth curve did not. Adjusting for
microcephaly at 6 months diminished the strength of the association
between cocaine exposure and mental developmental growth curve
(effect modification). Cocaine exposure was marginally associated
with behavioral outcomes in adjusted analyses. Total Behavior scores
and Orientation/Engagement scores improved with age. At 1 year
of age, prenatal cocaine exposure was significantly associated with
lower motor development scores. High rates of hypertonia (global and
diparesis) identified at the 6-month visit dropped dramatically in the
first 2 years of life: cocaine-exposed children showed a more rapid rate
of resolution of hypertonia than unexposed children, with hypertonia
improving 2.2 times faster among those with heavy cocaine exposure.
Conclusion: We found differences in mental performance over
the first 2 years of life associated with prenatal cocaine exposure
that was mediated by microcephaly implying that cocaine exerts a
sustained teratogenic effect on brain development. Early neurological
(hypertonia) and behavioral findings associated with prenatal cocaine
exposure improved over time. Hypertonia did not predict longterm development impairments. Conceivably, the transient nature
of neurobehavioral manifestations reflects postnatally a tendency
towards homeostasis of cocaine-related embryopathic perturbations
of GABA and dopaminergic systems.

Introduction
Whether cocaine has deleterious effects on the developing nervous
system has been subject to debate. Over the last 2 decades, numerous
controlled studies have focused on cognitive, developmental and
behavioral differences associated with prenatal cocaine exposure
with somewhat disparate results. Some have reported developmental
findings in infants and toddlers that include cognitive [1-4], language
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[5-7] and motor delays [8-11], while another group found no
specific cocaine effects across a range of abilities (development and
language) [12]. Despite the developmental effects reported in young
children, most studies in older children find no significant general
or global cognitive effects associated with cocaine exposure [13-16],
but instead report on more subtle effects affecting a narrow range
of cognitive abilities (e.g. executive function [17,18] and perceptual
reasoning [19]). Global language delays are reported associated with
in utero cocaine exposure in children [5-7] and adolescents [20]. As
with cognition, some groups report no abnormalities in language
[21], whiles others report more subtle and narrow effects on language
involving syntax and phonology [22].
Prenatal cocaine exposure is associated with abnormal behaviors
in offspring in both experimental [23,24] and clinical studies [25-39].
Exposed infants and young children are reported to be excessively
irritable [25], exhibit dysregulation of arousal [26], and attention
[26-28] and show problems with impulse control [29]. Older cocaine
exposed children are noted to show higher rates of poor inhibitory
control [30,31], impaired sustained visual attention [32], externalizing
behaviors [33-38] including aggression [30], and increase in baseline
arousal [38]. Other groups report no such abnormalities [39].
Unlike opiate exposure, prenatal exposure to cocaine does
not exhibit a typical neonatal withdrawal syndrome; nonetheless,
abnormalities of tone and posture, and state dysregulation are noted
in prenatally exposed neonates [26,40-43]. Many of the behavioral
and neurological findings are reported to linger into infancy but the
evolution of these findings over time is not well described.
Only a handful of studies have prospectively assessed neurological
function among cocaine-exposed children outside the newborn
period [44-48] and even fewer have quantified prenatal cocaine
exposure with the use of biomarkers [48,49]. Lewis et al. described
higher rates of abnormal findings in neurological examination
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(either suspected or definitive) among cocaine-exposed toddlers, but
the authors did not define further the nature or evolution of those
neurological abnormalities [45]. In the present cohort of children
we described higher rates of muscle tone abnormalities, particularly
hypertonia (increase in extensor and flexor tone), associated with
cocaine exposure in analyses that were carefully controlled for
perinatal drug exposures at 6 months of age [48] but the implication
of these findings, if any, for long term development is unknown.
Neurodevelopmental trajectories methods focus on the rate
of change in outcome over time, i.e. slope of the developmental or
behavioral trajectories for each child. This approach is ideally suited
to assess the evolution of early neurobehavioral findings identified
previously in our cohort. Herein we report on the developmental and
behavioral trajectory, as well as the evolution of neurological signs,
over the first two years of life in infants who enrolled at delivery in a
longitudinal study. Prenatal exposure to cocaine and other drugs of
abuse was determined at the time of birth with multiple biomarkers.
The current study was designed to assess the effect of cocaine
exposure on developmental, behavioral, and neurological outcome
with focus on changes over time. The primary hypothesis was that
children with prenatal cocaine exposure would exhibit higher rates
of developmental, behavioral, and neurological differences in dosedependent fashion compared to cocaine-unexposed children of
comparable demographic background, after adjusting for potentially
confounding factors. We postulated based on the results of our earlier
studies [46] that hypertonia noted in infancy (6-month assessment)
would improve over the first 2 years of life. We also sought to assess
whether microcephaly, birth weight or hypertonia mediated any
cocaine effects on development.

Methods
Procedures
Study methods are described in detail elsewhere [48]. In brief,
women were interviewed soon after delivery with a structured
protocol that inquired about demographic information, obstetrical
and medical history and drug use during and prior to the index
pregnancy. Women were also administered an IQ test and a
depression scale. Biological markers of drug exposure were obtained
at the time of delivery (hair in all, meconium and urine in a subset).
Women and their infants were invited at 6, 12, and 24 months of age
for neurological, developmental and behavioral assessments. The
biological mother was the primary caregiver in most cases (n = 296;
97%); 1 child was in the care of the father, the remainder in the care
of a grandmother.

Participants
Beginning in May 2000 through November 2004 we prospectively
enrolled mother-infant dyads from a municipal New York City
hospital at the time of delivery as part of a prenatal drug exposure
study. Informed consent was obtained at the time of enrollment. The
study was approved by the Columbia Institutional Review Board.
Maternal exclusionary criteria included non-English speaking, HIV
infection, history of intravenous drug abuse and psychosis or bipolar
disorder (as determined by chart review). Infants were excluded if <
33 weeks gestational age or if there was a presence of major congenital
malformation or birth asphyxia (5 minute Apgar < 4).
J Neurol Psychol 2(3): 12 (2014)

Of women delivering at the hospital (n=3671), we approached
2,308: 675 were eligible and 1633 were ineligible primarily due to
language constraints (non-English speaking). Of eligible women
approached for enrollment (N=675), 277 refused. We, thus, enrolled
398 mother-infant dyads (59% of eligible women) into the study; of
these, two were subsequently excluded due to medical factors (HIV
and Trisomy 21) and 16 withdrew from the study. The final cohort
thus comprises 380 mother-infant pairs. We excluded 10 opiateexposed children from controlled analyses.
Comparisons of women who refused enrollment with those
enrolled revealed no differences in offspring gender, birth weight,
birth length, or type of delivery (vaginal versus cesarean section)
between groups (all p’s < 0.2). Women who refused enrollment,
however, were older (25.8 yrs + 6.6) than the women enrolled in the
study (24.2 yrs + 5.8, p= 0.007). Comparisons between those who
returned for any visit (n=306) and those who never returned (n=74)
revealed no significant differences in maternal age, race, education,
welfare status, marital status, gravity, parity, ectopic pregnancies,
stillbirths, delivery type, alcohol, marijuana or cigarette use (all p’s
< 0.2). Women who did not return were more likely to be cocaine
users (45% vs. 28%; p=0.004) and unemployed (60% vs. 47%; p= 0.02)
compared to women who returned for follow-up. Infants of women
who did not return were more likely to have lower birth weight (3017
g + 512 vs. 3241 g + 516; p 0.001) and birth length (49.5 cm + 2.5 vs.
50.8 cm + 2.5).

Follow-up
We invited women and their infants for follow-up at 6, 12 and
24 months of age for neurological, developmental and behavioral
assessments. Of the 380 infants, 306 (80%) children returned for
follow-up at least once; 286 (75%) for their 6-month assessment,
277 (73%) for their 12-month assessment and 251 (66%) for their
24-month assessment. Two hundred and twenty six children (60% of
the total cohort) were seen at all 3 time points.

Measures
Maternal: Maternal information including demographic, obstetrical and drug history data was collected at the time of enrollment
using a standardized questionnaire that has been successfully used
in epidemiological studies [50]. These schedules ask women about
obstetrical and medical histories, illnesses, smoking, alcohol use and
drug use during pregnancy. The interview provides quantitative measures of alcohol and smoking, such as number of cigarettes smoked
per day, number of drinks a day, type of alcoholic beverage and quantity ingested during the pregnancy. Also, binge drinking, alcohol use
in the month prior knowing about pregnancy. Day by day, recall
for an average week during the month before pregnancy and during mid and latter pregnancy was averaged to obtain a mean level of
consumption in ounces of absolute alcohol per day (AA/day). The
interviewer was trained in the administration of interview.
Caregivers were administered an IQ test that relied upon
the Vocabulary and Matrix Reasoning subtests of the Wechsler
Abbreviated Scale of Intelligence (WASI) [51].
At the 6-month visit, caregivers were administered a lifestyle
questionnaire, the Center for Epidemiological Study-Depression
Scale (CES-D) [52] and the WASI test. Because of concerns for the
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safety of our staff, we did not conduct home visits; instead, at 12 and 24
months we administered a version of the HOME scale [53] modified
for use in the office following recommendations by Jacobson et al.
[54].
Biological markers: At the time of enrollment, we collected
maternal hair samples (n=380) and used segmental hair analyses
(proximal 3.9 cm of hair) for radioimmunoassay for metabolites
of drugs used during the 3rd trimester (RIAH™), as this could be
measured in all women. All tests positive for cocaine in urine and
meconium were also positive for cocaine on hair testing. Of women
who denied using cocaine during pregnancy, 28% had a positive
biomarker for cocaine; while of those testing positive for cocaine only
18% reported using cocaine or crack during pregnancy. Quantitative
assays measured metabolites of cocaine, opiates, phenylcyclidine
(PCP), amphetamines, and qualitative assays measured marijuana
exposure. Hair samples were tested at Psychemedic Corp; Culver
City, CA. We collected meconium in a subset of children for whom
meconium specimens could be collected within the first 24 hours
(N=109) and urine in a subset of mothers (N=172). Meconium and
urine specimens were tested at MecStat Laboratories, Desplaines, IL.
Child measures: At 6 and 12 months of age, children were
administered the full Bayley Scales of Infant Development II
(BSIDII) [55] (including the Infant Behavior Rating Scale, BRS)
and the Fagan Scale of Infant Intelligence [56] by staff trained by a
clinical psychologist (GW). The 6 month data has been previously
reported [48]. It is included this report for the sake of completeness
of the developmental growth curve analyses. Inter-rater reliability
was achieved between examiners (ICC > 0.95). At 24 months, we
administered the mental subscale of the Bayley Scales of Infant
Development II and the Peabody Motor Scale of Development [57]
and obtained blood for hemoglobin and lead level. Neurological
function was assessed at all age intervals with the Neurological
Examination of Children [58] by a single child neurologist (CAC)
who was blind to exposure status.
Exposure ascertainment: Because of the exponential range of
cocaine exposure measures in hair (5-3764 ng/10 mg hair; mean 31
ng/10 mg), we used the log transformed (base 10) amount of cocaine
metabolite quantified in maternal hair samples in statistical analyses
to assess associations between prenatal cocaine exposure and infant
outcomes. We grouped children into a cocaine-unexposed (CU)
group (n = 206) if cocaine metabolites in maternal hair were below
the threshold of detection (< 5 ng/10 mg), a low cocaine-exposure
(CE1) group if metabolites were <1.5 log ng/10 mg of hair and a high
cocaine-exposure (CE2) group if metabolites were detected >1.5 log
ng/10 mg. The median log of cocaine exposure in group CE1 was 1
and the median for CE2 was 2. For dichotomous (yes/no) exposure
data, we classified infants as exposed if any biological sample tested
positive for cocaine at delivery (either in urine from mother or in
infant meconium).
We used alcohol equivalents (e.g. 12 oz beer, 4-5 oz of wine,
wine coolers, 1 shot hard liquor) to estimate maternal alcohol intake
based on the recall of number of drinks for an average week during
the month prior to pregnancy and during pregnancy (early and late)
to obtain a mean level of daily consumption (drinks per day). We
also asked about binge drinking (5 drinks or more on one occasion).

J Neurol Psychol 2(3): 12 (2014)

Number of average drinks per day during pregnancy was the variable
most strongly associated with the outcome and was used in all
analyses.
Cigarette exposure was ascertained by biomarkers (cotinine) in
meconium or maternal urine in 220 subjects (72%). Based on selfreport and biomarkers, exposure was defined as light (< 5 cigarettes/
day or < 50th percentile on biomarker) and heavy (> 5 cigarettes/
day and > 50th percentile on biomarker). When discrepancies were
noted between self-report and level of exposure found on toxicology,
analyses were based on toxicology results, given maternal underreporting of drug and cigarette use during pregnancy [40,59].
Marijuana toxicology measures were qualitative. Heavier marijuana
users were defined as those who tested positive on biomarkers or who
reported using marijuana more than twice a week.

Statistics
Single time point analyses: For categorical variables we used
either the χ2 test or Fisher’s exact test. For dichotomous neurological
outcome, we used odds ratio to assess the strength of association. We
used children without cocaine exposure as the base rate against which
varying levels of cocaine exposure were tested. Contrasts between
cocaine-unexposed children (CU; N=115) and children exposed to
low (CE1; N=105) and high (CE2; 86) cocaine levels were determined
by one-way analysis of variance for continuous variables and either
the χ2 test or Fisher’s exact test for categorical variables. Stepwise
multiple regressions were used to evaluate associations with cocaine
exposure after adjusting for potential confounders. We excluded 10
opiate exposed children from all multivariate analyses. Covariates
were selected based on empirical and theoretical criteria. Using
empirical criteria, from the pool of potential covariates, we retained
variables from Table 1 in models when they differed significantly
among exposure groups and were associated with a given outcome at
P ≤ 0.2. We excluded covariates if they correlated (r > 0.70) with other
covariates as to preclude examination. For theoretical reasons we used,
birth weight, prematurity, small for gestational age (SGA), small head
size (< 10 percentile), and alcohol, tobacco, and marijuana exposure as
well as the level of lead and hemoglobin in blood at the age of 2 years,
as covariates in least square models. Maternal and environmental
variables included education level, IQ, maternal depressive symptoms
and HOME scale (12 and 24 month). To assess mediation, all analyses
were run with and without the inclusion of select perinatal variables
(i.e. birth weight, microcephaly, and gestational age) to determine
whether their inclusion modified associations between prenatal
cocaine exposure and neurodevelopmental outcome. Because of
the high levels of shared variance between different covariates and
outcomes, we removed covariates from a model if they failed to add
significant variance to the model. The remaining covariates were
included with the exposure effect of interest in linear regression
models. Interaction terms were tested and not found to be significant
and were thus omitted from final models. We entered level of cocaine
exposure into the model at the final step to assess the impact of
cocaine on overall mental, motor, novelty preference and behavioral
scores while controlling for the other covariates.
Survival analyses: We used Kaplan-Meier survival analyses to
assess changes in the neurological findings over time [60]. Failure was
defined as the age at the time of resolution of hypertonia (global or
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Table 1: Maternal (demographic, obstetric and drug use) and neonatal characteristics grouped by level of cocaine use during pregnancy within a cohort of 380 motherinfant dyads.

Maternal
Demographic Information

Cocaine unexposed
CU (N = 267)

Cocaine low
CE1 (68)

Cocaine high
CE2 (N=45)

N (%)
Mean ± SD

N (%)
Mean ± SD

N (%)
Mean ± SD

p value

Mean Age ± SD

24.1 ± 5.3

22.7 ± 5.2

28.5 ± 8.2

<0.0001

Education (yrs)

11.8 ± 1.6

11.0 ± 1.6

11.1 ± 1.5

<0.0001

African-American

248 (94)

59 (91)

41 (93)

0.60

Income <$5,000 per annum

160 (61)

46 (71)

34 (77)

0.06

Unemployed

112 (43)

39 (60)

30 (68)

0.001

Welfare

128 (49)

36 (55)

24 (54)

0.53

Married

31 (12)

9 (14)

10 (23)

0.14

Gravida ± sd

2.3 ± 2.2

2.4 ± 2.9

4.3 ± 2.6

<0.0001

Parity ± sd

1.1 ± 1.4

1.1 ± 1.2

3.0 ± 2.3

<0.0001

222 (85)

46 (25)

9 (20)

0.06

Alcohol

46 (18)

16 (25)

9 (20)

0.40

Tobacco

76 (29)

32 (49)

26 (59)

<0.0001

Marijuana

87 (33)

32 (49)

21 (48)

0.02

144 (55)

36 (55)

21 (48)

0.7

Birth weight (gms)

3219 ± 507

3230 ± 544

2934 ± 495*

0.003

Birth length (cms)

50.7 ± 2.5

50.6 ± 2.7

49.1 ± 2.7*

0.001

Obstetric History

Vaginal delivery
Pregnancy Drug Use

Neonatal measures
Male

Birth HC (cms)

34.1 ± 1.4

34.0 ± 1.6

33.4 ± 1.5*

0.005

Gestational age (wks)

39.3 ± 1.8

38.7 ± 2.5

38.6 ± 2.6

0.03

CE1: Log riah <1.5; CE2: Log riah > 1.5. (* Contrast between CE2 and CU significant)

in the legs) identified at an age of 6 months [48]. Censoring occurred
at the end of the study (24-month visit) or at the child’s age at the
last follow-up. We used Cox proportional hazard models to assess
the rate of resolution by level of cocaine exposure controlling for
significant variables [61]; the termination event was the age at which
6 month neurological findings disappeared.
Longitudinal analyses: To assess the association between cocaine
exposure with infant’s overall performance at 6, 12 and 24 months
simultaneously, mixed-effects linear modeling was conducted
separately for the mental developmental index (MDI) and for the
behavior rating scale (BRS). Similar analyses at 6 and 12 months
considered novelty preference (Fagan test of Infant Intelligence) and
psychomotor development index (PDI) using SAS PROC MIXED
(version 8.2; SAS Institute, Cary, NC). To allow for comparison of the
different motor tests administered across ages, we transformed test
scores to their respective z-scores.
The mixed-effects linear model is a generalization of the
standard linear model, with the generalization being that the data
can be correlated [62]. It is commonly used to analyze longitudinal
data because it allows explicit modeling and analysis of between
and within-individual variation and has the capacity to handle
unbalanced data. The mixed-effects model is often referred to as the
two-stage random-effects model; at stage 1 the population parameters
J Neurol Psychol 2(3): 12 (2014)

and within-individual variation are introduced, and at stage 2 the
between-individual variation is introduced. We first constructed
a baseline model for all the infants that included an intercept term
representing overall performance at 6, 12 and 24 months and a linear
term representing change with age. We used the baseline model
to assess the association of level of cocaine exposure with overall
performance. We also examined the associations of level of cocaine
and the change with age by assessing the interaction term between
cocaine exposure and age.
In choosing the correlation structure, we considered
unstructured, compound symmetry and first-order autoregressive
structures. Analyses of 6, 12 and 24-month data showed little
difference in outcome using any of these structures. We chose to
analyze our data as unstructured, given the disparity between the
variances of the outcome variables at different time points. Insofar as
each child contributes to her own developmental curve, the randomeffects model we have chosen for this study is well suited to dampen
any biases borne from differential rate of attrition based on level of
cocaine exposure.
Covariate analyses: We selected covariates based on empirical
and theoretical criteria. We included the following variables in
initial mixed-effect model: HOME Scale, maternal depression
scores, maternal IQ, maternal age < 30, welfare status, prematurity,
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birth weight, birth head circumference < 10th percentile, infant’s
gender, tobacco, alcohol, and marijuana exposure. To assess whether
hypertonia, birth weight or microcephaly (at age 6 months) mediated
cocaine effects on later developmental outcome, we assessed the
final model with and without these variables. We ran final models
with and without birth weight, hypertonia or head size in order to
determine whether these factors independently mediated any cocaine
effects on neurodevelopmental outcome. The factors were chosen
because of the known association between motor impairments [63],
intrauterine growth retardation [64] and microcephaly [64,65] with
adverse neurodevelopment. We considered hypertonia, birth weight
or microcephaly to mediate cocaine effects on development (i.e.
effect modification) if their inclusion in analyses lead to a significant
change in the association between prenatal cocaine exposure and
developmental outcome.

Results
Maternal demographic and perinatal information for the initial
cohort (N= 380) is depicted in Table 1, revealing a homogenous
population of women, mostly African-American (90%) and of low
socioeconomic status. Cocaine-using mothers were significantly
more likely to be unemployed, and less educated and to have had
a higher rate of pregnancies (Table 1). Women with heavy cocaine
use tended to be older than light or non-cocaine users. Comparisons
between the cocaine-unexposed (CU) and the two cocaine-exposure
groups (CE1 and CE2) showed higher rates of exposure to tobacco
and marijuana (Table 1) in the exposed infants. Rates of alcohol use
were similar between unexposed (CU) children and those in either
exposure group (CE1 and CE2).
Comparisons of cocaine-unexposed (CU) children with cocaineexposure level (CE1 and CE2) children showed no significant
differences in age, gender, z-scores of weight, height and head
circumference at the time of the 6, 12 or 24-month visit (data not
shown). At birth, cocaine-exposed children had lower weight, length
and head circumference when compared to unexposed infants [48].
Birth weight differences were accounted primarily by gestational age
and not by cocaine exposure (data not shown).

Adjusted single time point analyses
Mental Development Index (MDI): Prenatal cocaine exposure
was unrelated to 6-month MDI scores with or without adjustment for
significant factors (maternal IQ, HOME scale, and infant gender; F=
3.556; p= 0.008; R2 = 0.051). In contrast, prenatal cocaine exposure
was related to 12-month MDI scores, but not after adjusting for
significant factors (maternal IQ, gestational age, microcephaly and
infant gender; F= 5.383; p= 0.000; R2 = 0.081) (Table 2) [48]. Prenatal
cocaine exposure was unrelated to 24-month MDI with or without
adjustment for significant factors (maternal IQ, HOME scale, welfare
status, microcephaly, sex and exposure to alcohol and tobacco; F=
4.619; p= 0.000; R2 = 0.137) (Table 2).
Psychomotor development index (PDI): Cocaine exposure
was unrelated to 6-month PDI scores, with or without adjustment
for maternal IQ, high school education, age > 30 yrs, birth weight,
marijuana and tobacco exposure (F= 3.687; p= 0.002; R2 = 0.101) (P =
0.52; 0.6 PDI points; ∆R square 0.002) [48]. On the other hand, cocaine
exposure was significantly associated with 12-month PDI scores
J Neurol Psychol 2(3): 12 (2014)

with and without adjustment for maternal IQ, gestational age, birth
weight, microcephaly, and marijuana exposure (F= 4.817; p= 0.000;
R2 = 0.107) (p = 0.04; -2.773 PDI points; ∆R square 0.016). Prenatal
cocaine exposure was related to 24-month Peabody Total Motor
Scale in univariate analyses (p= 0.02), but associations did not persist
after adjustment for significant factors (infant gender, maternal IQ,
gestational age, and lead level; F= 4.913; p= 0.001; R2= 0.094) (Table
2). Analyses run with and without the inclusion of gestational age,
microcephaly or birth weight did not alter the association between
cocaine and motor outcome (PDI or Peabody score).
Fagan’s Novelty preference: At age 6 months, novelty preference
was unrelated to exposure with or without adjustment for maternal
IQ, Apgar 5 minutes, marijuana exposure and infant head size z-score
(F= 3.245; p= 0.0007; R2 = 0.061) (P = 0.84) (Table 2) [48]. And at
age 12 months, novelty preference was unrelated to prenatal cocaine
exposure with or without adjustment for gestational age, maternal
depression score, birth weight and income < $5,000 (F= 2.777; p =
0.018; R2 = 0.051).
Behavioral outcome: At the age of 6 months prenatal cocaine
exposure was marginally associated with differences in the Bayley
Total Behavior Rating Scale with and without adjustment for birth
weight (p = 0.06; .-3.8 points; ∆R square 0.014) (Table 3) [48]. Prenatal
cocaine exposure was also significantly associated with Orientation/
Engagement scores with (p = 0.04) and without adjustment (p=
0.01) for maternal IQ and maternal age > age 30; (F= 4.19; p =0.006;
R2 =0.045; -3.8 points; ∆R square =0.019) (Table 3)). At 12 and 24
months of age, prenatal cocaine exposure was unrelated to scores on
the Behavior Rating Scale, or on either the Orientation/Engagement
or the Emotional Regulation scale with adjustment of significant
factors. The 12-month unadjusted Orientation/Engagement scale
was related to cocaine exposure (p=0.02) but not after adjusting for
alcohol and tobacco exposure (F= 5.251; p = 0.006; R2 = 0.038) (Table
3).

Longitudinal analyses
Bayley scales of infant development-II mental (MDI) and
motor index (PDI): Table 4 shows the parameter estimates for the
age and level of cocaine exposure. The mental index decreased across
age for all children. The average mental index in adjusted analyses
(sex and maternal IQ) was significantly lower (-2.2 points) for infants
with the higher level of cocaine exposure compared to unexposed
infants (p = 0.04). A significant interaction was observed between the
age and level of cocaine exposure (β = 0.12, p = 0.013), indicating
that the average curves for cocaine-exposed and unexposed children
were different across age. Cocaine exposure was associated with a
more negative slope than the slope among unexposed. Microcephaly
at the age of 6 months, when introduced into the final equation,
was marginally related to MDI (-2.9 points; p= 0.056) and altered
the association between cocaine exposure and mental development
(cocaine exposure p= 0.17). Hypertonia at 6 months of age was not
associated with longitudinal developmental scores (p > 0.1).
Motor development Z-scores: With regard to motor
development, cocaine-exposed children had lower average motor
development scores than cocaine-unexposed children but findings
were not significant. Motor index scores did not decline across age.
The motor Z-score, comprised of the z-score transformation of the 6
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Table 2: Developmental outcome by level of cocaine exposure at age 6, 12, and 24 months.
Cocaine Unexposed

Light Cocaine
CE1

Heavy Cocaine
CE2

P-Value

*Adjusted
P-Value

Mean ± SD
(N)

Mean ± SD
(N)

Mean ± SD
(N)

6 month

88.5 ± 4.5
(208)

88.6 ± 6.2
(53)

87.2 ± 4.6
(25)

NS

NS

12 month

91.5 ± 8.9
(206)

90.1 ± 9.3
(48)

86.2 + 13.4
(23)

0.03

NS

24 month

78.6 ± 12.1
(191)

80.8 ± 12.5
(46)

80.4 ± 10.7
(21)

NS

NS

MDI

PDI
6 month

90.9 ± 8.9
(206)

92.4 ± 9.7
(56)

88.6 ± 9.3
(27)

NS

NS

12 month

97.5 ± 11.5
(206)

97.1 ± 14.7
(48)

89.6 ± 17.1
(23)

0.02

0.04

24 months

42.1 ± 6.0
(188)

42.5 ± 6.9
(46)

41.9 ± 7.9
(23)

0.02

NS

Peabody*

Fagan Novelty looking
6 month

58.2 ± 6.7
(208)

58.9 ± 6.2
(53)

57.5 ± 6.6
(25)

NS

NS

12 month

58.2 ± 6.8
(206)

58.6 ± 6.2
(48)

57.8 ± 6.4
(22)

NS

NS

MDI: Mental Developmental Index; PDI: Psychomotor Developmental Index; Peabody: Peabody motor development scale Adjusted for maternal IQ, age > 30, HOME
scale, high school education, maternal depression scores, infant gender, infant head size (z score), birth weight, prematurity, alcohol, tobacco, and marijuana exposure
as described in text. (*) Adjusted analyses exclude 10 opiate exposed children.

Table 3: Behavioral outcome by level of cocaine exposure at age 6, 12, and 24 months.
Cocaine Unexposed

Light Cocaine
CE1

Heavy Cocaine
CE2

P-Value

*Adjusted
P-Value

Mean ± SD
(N)

Mean ± SD
(N)

Mean ± SD
(N)

6 month

54.4 ± 20.6
(208)

47.8 ± 22.9
(53)

47.2 ± 22.8
(25)

0.04

0.06

12 month

58.4 ± 21.8
(206)

51.9 ± 24.7
(47)

50.2 ± 22.5
(23)

0.07

NS

24 month

74.6 ± 27.8
(192)

72.3 ± 30.9
(48)

78.0 ± 29.7
(18)

NS

NS

6 month

46.0 ± 17.1
(206)

39.8 ± 19.0
(53)

37.8 ± 20.3
(24)

0.01

.04

12 month

55.3 ± 19.1
(206)

46.3 ± 22.2
(47)

52.6 ± 19.4
(23)

0.02

NS

24 month

73.5 ± 30.4
(192)

71.2 ± 30.1
(48)

74.0 ± 32.1
(22)

NS

NS

6 month

68.0 ± 20.2
(206)

61.4 ± 25.7
(53)

63.9 ± 25.3
(24)

0.12

NS

12 month

69.9 ± 21.9
(206)

66.8 ± 22.2
(48)

64.7 ± 24.3
(23)

NS

NS

24 month

68.8 ± 28.1
(192)

68.0 ± 30.9
(47)

73.5 ± 30.7
(22)

NS

NS

Total Score

Orientation/
Engagement

Emotional
Regulation

Behavioral Rating Scale (BRS) from Bayley Scale II. Adjusted for maternal IQ, age > 30, HOME scale, high school education, maternal depression scores, infant
gender, infant head size (z score), birth weight, prematurity, alcohol, tobacco, and marijuana exposure as described in text. (*) Adjusted analyses exclude 10 opiate
exposed children.
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and 12 month PDI and the 24 month Peabody score, was unrelated to
prenatal cocaine exposure in unadjusted analyses (p = 0.10), as well
as in adjusted analyses (birth weight and gender) (p = 0.14). Age was
not associated with motor scores. Analyses that excluded birth weight
did not alter the association with cocaine and motor development.
Behavior rating scale: Cocaine exposure was marginally
associated (p = 0.06) with all of the behavioral outcomes in analyses
that adjusted for the following; Total Behavior: birth weight, maternal
education and alcohol exposure; Orientation/Engagement: maternal
IQ and alcohol exposure; Emotional Regulation: maternal education,
birth weight, tobacco exposure and small for gestational age. Age was
significantly associated (p < 0.0001) with Total Behavior scores and
Orientation/Engagement; the positive slope of age for these outcomes
indicates improvement with age.
Neurological outcome: Table 5 shows the rates of hypertonia
(global and diparesis) identified at the ages 6, 12 and 24 months. Rates
were highest at the 6-month visit across all levels of exposure. In this
cohort, we reported previously a significant association between levels
of cocaine exposure and rates of hypertonia at 6 months of age that
remained after controlling for confounding variables including other
perinatal exposures (see [48]). Rates of hypertonia noted at 6 months
dropped dramatically by the 12-month visit. Because the survival
analysis focused on the evolution of hypertonia noted at age 6 months,
findings of hypertonia identified de novo in 4 unexposed children at
age 24 months were not included in any of the survival analyses. Figure
1 shows the survival curve for resolution of hypertonia (Kaplan Meier
proportional hazards) showing a more rapid rate of resolution among
cocaine-exposed children. In Cox regression models controlling for
prematurity and gender, each log of cocaine exposure was associated
with a 1.5 fold increased odds (Hazard Ratio, HR) of improvement (p
= 0.01). In similar analyses that assessed for dichotomous heavy and
light cocaine exposure, hypertonia improved 2.2 times faster (HR)
among those with heavy exposure (95% confidence interval 1.1 - 4.4;
p = 0.02), and 1.5 faster (HR) among those with light exposure (95%
confidence interval 0.8 - 2.7; p = 0.18).

Discussion
We describe the developmental, behavioral, and neurological
outcomes associated with levels of prenatal cocaine exposure in an
urban cohort followed over the first 2 years of life in whom prenatal
drug exposures was carefully ascertained with a variety of biomarkers.
Although cocaine exposure ascertainment based on hair reflects the
last trimester of pregnancy, it is assumed that exposure from cocaine
occurred throughout pregnancy as few women would be expected to
begin using cocaine de novo after becoming pregnant.

Development
The developmental findings that emerge from this study are: 1) a
significantly negative slope in mental development growth trajectory,
but not in motor development, with advancing age; 2) significantly
different slopes in mental development trajectories with cocaineexposed children showing significantly greater negative slopes
than cocaine-unexposed children and 3) a negative slope in mental
performance associated with prenatal cocaine exposure that was
mediated by microcephaly. A decline with age in mental development
on the Bayley scales (i.e. negative slope in mental trajectory) is well
J Neurol Psychol 2(3): 12 (2014)

documented, especially by the 24 months assessment [66], and
likely reflects the increasing dependence of the test on language
skills by the age of 24 months. Language skills in turn are sensitive
to environmental factors (e.g. poverty, maternal intelligence or
education). As noted, prenatal cocaine exposure affects language [57]. As to why effects were noted on mental development trajectories
but not on single time point analyses is not clear, but may reflect the
robustness of the developmental growth curve, in which each subject
contributes several time points to the model reflecting changes over
time, achieving, thus, greater statistical power than possible with a
single observation.
Our findings of delays in mental development linked to prenatal
cocaine exposure are congruent with findings of other single time
point analyses [1-3]. Several developmental trajectory studies
have been undertaken [4,11,67] but only 2 in age range depicted
here [11,67]. Mayes et al. noted mental delays with a decline in
trajectory through 24 months, though effects were not significant
in adjusted analyses [67]. Effects were mediated by birth weight
and gestational age, but the study did not control for head size.
The authors hypothesized that nutritional factors, perhaps related
to cocaine’s known vasoconstrictive properties, mediated effects.
Similarly, Miller-Loncar et al. also found effects related to cocaine
exposure on motor development that disappeared after controlling
for birth weight and environmental factors [11]. The current analyses
controlled for biological and environmental factors, as well as for
other perinatal exposure variables (alcohol, tobacco and marijuana).
Of the more than 20 variables assessed in the initial model, other
than cocaine, only maternal IQ and sex were associated with mental
development. In this study, unlike findings reported by Mayes et
al. [67], anthromorphic birth measures (i.e. microcephaly at birth,
SGA, birth weight and prematurity) did not mediate effects on
developmental outcome.
Cocaine is amply reported to impair fetal growth [40,68,69]. Yet
the effects of cocaine on neonatal growth, unlike findings with alcohol
[70] (especially fetal alcohol syndrome) [71] tends to be transient,
with many studies noting postnatal catch-up growth [72-74], at least
in the age range targeted for study herein (although not at later ages)
[74]. Such was the case in this cohort, in which the somatic and head
growth impairments present at birth linked to cocaine exposure
resolved by age 6 months: we found no differences in weight or height
z-scores based on the level of cocaine exposure at any age, after the
newborn period [48].
One could postulate, as did Mayes et al. [67], that differences
in mental development could arise from environmental differences
linked to cocaine use, such as the quality of caregiver interaction
[75,76], number of caregivers or ongoing cocaine use. Although
we controlled for environmental variables, including maternal
IQ, depression scores, HOME Scale, education and welfare status,
these measures undoubtedly adjust only imperfectly for the adverse
impact of a non-supportive environment. However, our findings of
mediation by infant microcephaly would imply that biological, not
environmental factors, account for differences in mental performance
associated with prenatal cocaine exposure. Similar mediation of
developmental effects by head size has been previously reported [77].
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Table 4: Parameter Estimates from a mixed-effect model for developmental and behavioral outcome according to level of cocaine exposure.
Estimate

Standard Error

P-value

Variables
Unadjusted

Adjusted!

Unadjusted

Adjusted!

Unadjusted

Adjusted!

MDI
Intercept
Age
Cocaine
AgeCocaine

95.0385
-0.6026
-1.8754
0.1243

88.2275
-0.6018
-2.2269
0.1617

0.8348
0.0519
1.0733
0.0625

2.6472
0.0522
1.1021
0.0645

<0.0001
<0.0001
0.0816
0.0473

<0.0001
<0.0001
0.0443
0.0126

PDI
Intercept
Age
Cocaine
Age*Cocaine

0.05220
00.00271
-0.1905
0.006186

-0.8884
-0.0028
-0.1816
.006389

0.08207
0.004635
0.1077
.005784

0.2945
-0.004631
0.1076
.005779

0.5252
0.5591
0.0779
0.2854

0.0028
0.6018
0.0926
0.2694

0.05
-0.0023
-0.19

-0.83
-0.0021
-0.17

0.083
0.0047
0.12

0.29
0.0047
0.12

0.5462
0.6272
0.1014

46.8730
1.0578
-7.0321
0.3472

19.8676
1.0580
-5.1579
0.2754

2.0142
0.1245
2.5939
0.1503

9.6330
0.1253
2.7317
0.1588

<0.0001
<0.0001
0.0071
0.0213

0.0401
<0.0001
0.0600
0.0836

36.3205
1.4950
-6.1411
0.2969

25.9884
1.4912
-5.0333
0.2724

1.9031
0.1162
2.4642
0.1405

6.4808
0.1185
2.7152
0.1555

<0.0001
<0.0001
0.0133
0.0351

<0.0001
<0.0001
0.0648
0.0805

68.4405
0.04333
-5.7003
0.2981

42.7533
0.0623
-4.9444
0.2860

2.0242
0.1258
2.6062
0.1518

8.1014
0.1298
2.6579
0.1545

<0.0001
0.7307
0.0295
0.0502

<0.0001
0.6316
0.0639
0.0647

Motor** Intercept
Age
Cocaine

Total Behavior+
Intercept
Age
Cocaine
Age*Cocaine
Orientation/
Engagement+
Intercept
Age
Cocaine
Age*Cocaine
Emotional
Regulation+
Intercept
Age
Cocaine
Age*Cocaine

0.0046
0.6622
0.1370

Motor** = z-scores of motor development. (+) Behavioral rating scale (BRS) from Bayley Scale II.
!) Analyses adjusted by home scale, maternal IQ, depression score, Mom’s age <30, welfare, prematurity, birth weight, SGA, gender, marijuana, tobacco and alcohol
exposure. Excludes opiate exposed children.
Table 5: Hypertonia by age and level of cocaine exposure.
Hypertonia

Cocaine
Unexposed

Cocaine Low
CE1

Cocaine High
CE2

age
(N)

N
(%)

N
(%)

N
(%)

6 months
(278)

48
(23)

17
(32)

11
(44)

0.011

12 months
(270)

5
(2)

3
(6)

1
(11)

NS

24 months
(257)

7
(4)

0
-

1
(12)

NS

CE1: LOG RIAH <1.5; CE2: LOG RIAH > 1.5.

NS: Non-significant

It is of interest that microcephaly at the age of 6 months, but
not at birth, mediated cocaine effects. This finding would support
the notion that cocaine effects on development are not nutritional
in nature (as newborn size reflects maternal and placental nutrition
[78]), but instead indicative of a sustained embryopathic effect on
brain development. Experimentally, prenatal cocaine exposure
has been shown to inhibit proliferaton of neural progenitors
[79] and result in microcerebral dysgenesis [80-82] with thinner
cortices and fewer neurons [81] noted in animals that also exhibit
smaller brain volumes [80]. Teratogenic effects of cocaine on brain
development have implicated GABA systems, with cocaine exposure
in early neurogenesis found to impair radial migration of GABA
and glutamatergic neurons [82]. This teratogenic effect of cocaine
J Neurol Psychol 2(3): 12 (2014)

p value
trend

on brain development could be the underlying mechanism by which
small head size mediates cocaine effects on mental development.
Verifying this possibility in humans is stymied by the lack of
neuropathological data among the population of interest. In a single
case report, microcephaly was noted in an infant with documented
prenatal cocaine exposure whose brain showed migrational deficits
that mirrored experimental findings [83].
Many perinatal studies have not controlled for head circumference,
a surrogate marker of brain size [67]. Others have controlled for head
size using z-scores [15]. We have chosen instead to control for head
size using microcephaly (i.e. children’s head size that fall at the lower
end of the Gaussian distribution). Although head size that falls at
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Figure 1: Hazard Function of Reslving Hypertonia.

the lower end of the curve may simply be constitutionally small (i.e.
normal brains of smaller size), such head sizes are much more likely
in children with pathologically small heads, and thus is more strongly
linked to lower cognition [64,65,84]. In contrast, cognitive abilities
among children with head sizes in the middle and upper parts of the
Bell curve are expected to be independent of head circumference.
The practice of controlling for small head size, however, may be
inappropriate if this outcome, as our study suggests, lies in the causal
pathway of cocaine’s detrimental effect on development.

Behavior
As regards neurobehavioral findings, we reported at the age of
6 months significant associations between prenatal level of cocaine
exposure and hypertonia and behavioral outcome (Orientation/
Engagement) with a trend with Total Behavior (p=0.06) in adjusted
analyses [48]. Similar cocaine-related behaviors have been reported
in young infants, such as excessive irritability at an age of 3 months
[25]. Here we set out to determine the behavioral trajectory and
evolution of these early neurological findings. Behavior trajectories
in all domains were lower among cocaine-exposed children but
only marginally so in adjusted analyses and tended to improve over
time, especially among cocaine-exposed children, as indicated by
the significant interaction between age and cocaine in unadjusted
analyses.

Neurological
Neurological findings of hypertonia also improved with age. These
findings are consistent with an earlier report describing transient high
rates of hypertonia associated with cocaine exposure among infants
at risk for HIV infection that resolved by 24 months [46]. Children
in that cohort, however, exhibited higher rates of hypertonia than is
described herein, and those higher rates of hypertonia lingered into the
12-month assessment, perhaps reflecting the higher level of maternal
addiction encountered among HIV infected women. The transient
nature of hypertonia noted is in agreement with the improvement
J Neurol Psychol 2(3): 12 (2014)

in motor development reported over the first 18 months of life. We
noted a cocaine effect on motor development at 12 months of age,
and a non-significant trend (p = 0.07) on early motor trajectory (6
&12 months) both of which are consistent with motor delays reported
among cocaine-exposed infants and toddlers [8-11]. The absence of
effect on motor development found in our 2 year trajectory may be
a reflection of the older age of follow-up, after motor deficits resolve.
We postulated, at the onset of the study that cocaine-related
hypertonia could adversely affect development. Our results do
not support this perspective. Although hypertonia was negatively
correlated with early psychomotor development, it had no effect
on either the mental or the motor developmental trajectory (i.e.
no effect on development at age 2 years). In contrast to our mental
development findings, behavioral and neurological findings were
prominent in early infancy and improved over time.
It is conceivable that the transient neurobehavioral manifestations
observed herein are due to transient embryopathic perturbation of
DA and GABA systems. Experimentally, in utero cocaine exposure
reduces dopamine-dependent reflexes and motor task performance
in mice [24]. Although in utero cocaine exposure affects DA systems,
whether DA has a direct role in eliciting abnormal behaviors has been
questioned [85]. Increasingly, cocaine exposure in utero has been
noted to alter the structure and function of the postnatal cerebral
cortex though effects on GABA circuits [24,82,86,87]. The findings
by Lu of elevated neuronal excitability on pyramidal neurons also
attributed to reduced GABAergic inhibition system may explain
motor findings noted in this study (motor delay and hypertonia) [86].
Postnatally, over time, such perturbations would tend toward
homeostasis with concomitant resolution of earlier impairments.
Such a model would explain why hypertonia among cocaine exposed
children, especially those more heavily exposed, recovered at a faster
rate and with a lower base rate at age 24 months than in unexposed
children. Among the latter, hypertonia presumably would have a
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different etiology (e.g. vascular or inflammatory) that might not be
self-correcting. One could thus envision two different mechanisms
operant - one related to perturbations in neurotransmitter function
causing excitability and motor impairments transiently, and the
other related to migrational impairments affecting head growth and
cognition that would be long lasting.
Insofar as study participants were able to keep custody of their
children and maintain follow-up appointments, they likely differ
from mothers at the higher end of the cocaine-addiction spectrum.
On the contrary, cocaine-exposed women with offspring showing
greater newborn growth impairments were more likely to be lost to
follow-up. Differential loss to follow-up may have biased our study
towards the null, as possibly more heavily cocaine-exposed women
were not included in the longitudinal analyses. Such type II errors
tend to decrease the strength of associations and thus, underestimate
effects. Our study differs from others in several respects. A key
factor is the use of hair to quantify cocaine exposure. Although
hair measures have been criticized because of possibility of external
contamination by ambient cocaine (which is avoided by strict hair
washing protocols) we have found hair, in this [48] and in earlier
studies [40,88], to be an excellent method by which to quantify
exposure and assess dose response effects. As a continuous measure,
it also provides greater power than dichotomous methods of exposure
ascertainment, allowing us to determine associations that would not
otherwise be apparent with the present modest sample size. Further,
our use of a structured neurological instrument allows us to describe
the evolution of neurological findings as pertains to specific domains
(tone, reflexes etc.) and to correlate findings with developmental
outcome. We controlled for lead and hemoglobin at age 2 years
because both are known to affect infant cognition [89].
One limitation in this and in other clinical studies, is that despite
our best efforts at quantifying and controlling for other substances,
cocaine effects may be confounded by polydrug exposure. Alcohol
is a case in point where, because of stigma associated with alcohol
intake during pregnancy, the veracity of maternal report may be
affected. Despite our efforts to carefully assess alcohol intake during
and prior to known pregnancy, because this measure relies exclusively
on interview and has no reliable biochemical marker we may have
underestimated the level of alcohol exposure. Such polydrug exposure
could exert synergistic effects on head growth; conceivably prenatal
cocaine exposure may be simply one of many adverse perinatal factors
that may impact brain development in high risk cohorts. Insofar as
our examiner ratings of behavior were restricted to testing in a single
environment (study visit), the generalizability of behavioral findings
is also a potential study limitation [90]. Other limitations may include
enrollment of infants at birth and the generalizability of findings of
a predominant African-American population. The young age of our
cohort precludes any determinations regarding ultimate behavior,
intellectual, and learning abilities associated with prenatal cocaine
exposure. Such determinations will require long-term follow-up.
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