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Abstract
Children with prenatal exposure to cocaine are at higher risk for negative behavioral function and
attention difficulties, and have demonstrated brain diffusion abnormalities in frontal white matter
regions. However, brain regions beyond frontal and callosal areas have not been investigated using
diffusion tensor imaging (DTI). DTI data were collected on 42 youth aged 14–16 years; subjects
were divided into three groups based on detailed exposure histories: those with prenatal exposure
to cocaine but not alcohol (PCE, n=12), prenatal exposure to cocaine and alcohol (CAE, n=17),
and controls (n=13). Tractography was performed and along-tract diffusion parameters were
examined for group differences and correlations with executive function measures. In the right
arcuate fasciculus and cingulum, the CAE group had higher fractional anisotropy (FA) and/or
lower mean diffusivity (MD) than the other two groups. The PCE group demonstrated lower FA in
the right arcuate and higher MD in the splenium of the corpus callosum than controls. Diffusion
parameters in tracts with group differences correlated with measures of executive function. In
conclusion, these diffusion differences in adolescents with prenatal cocaine exposure suggest
localized, long-term structural brain alterations that may underlie attention and response inhibition
difficulties.
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1. Introduction
Although initially there was concern that prenatal cocaine exposure (PCE) would lead to
pervasive cognitive, emotional, and behavioral problems, the literature describing the impact
of PCE on early development have yielded relatively small effects. Young children (<6
years) prenatally exposed to cocaine tend to exhibit physical growth, developmental test
scores and language abilities within the normal range (Frank et al., 2001), and most deficits
observed can be explained by other environmental variables such as prenatal alcohol
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exposure. However, several studies have identified behavior problems (Kodituwakku and
Kodituwakku, 2011; Schneider et al., 2011) and attention and response inhibition difficulties
(Accornero et al., 2007; Ackerman et al., 2008; Savage et al., 2005; Schroder et al., 2004) in
children with PCE compared to non-exposed controls. Less is known about the effects of
PCE during adolescence, though this is a key period of cognitive, emotional, and brain
development. There is evidence of memory impairment in adolescents with PCE (Sullivan et
al., 2010), suggesting that further investigation is warranted.

Understanding the long-term effects of PCE on both executive function and the underlying
brain structure is important to provide a full picture of the consequences of PCE. Studies of
cocaine-exposed children and adolescents (up to age 15 years) describe structural brain
abnormalities including smaller caudate volume (Avants et al., 2007; Rao et al., 2007),
reduced cortical gray matter and total brain volume (Rivkin et al., 2008), larger amygdala
(Rao et al., 2007) and increased water diffusion in frontal areas (Warner et al., 2006).
However some studies have found no brain volume abnormalities (Smith et al., 2001), no
diffusion abnormalities (McKee et al., 2007), or effects that do not survive correction for
other drug exposures (Rivkin et al., 2008). Furthermore, many individuals with PCE also
have prenatal exposure to alcohol, yet only a few of the above-mentioned studies considered
prenatal alcohol exposure in their analyses (Rao et al., 2007; Rivkin et al., 2008; Warner et
al., 2006). As heavy alcohol exposure in utero has been linked to structural brain damage
(Lebel et al., 2011), some findings in cocaine studies may not be specifically related to the
cocaine exposure.

The goal of this study was to use diffusion tensor imaging (DTI), an imaging technique that
provides a measure of white matter microstructure, to examine structural differences
throughout the brain in youth with PCE, with and without additional alcohol exposure.
Previous investigations of frontal and callosal regions in PCE suggest that any differences
observed would be small (Liu et al., 2011; Warner et al., 2006), and therefore we used a
sensitive method to measure parameters at multiple points along white matter tracts,
allowing for a more complete picture of the extent and magnitude of structural
abnormalities. Additional investigations of relationships between cognitive ability and brain
structure were conducted to help understand observed brain abnormalities in the context of
potential behavioral and cognitive difficulties.

2. Materials and Methods
2.1 Recruitment

Participants were part of a prospective study on the developmental effects of prenatal
cocaine exposure; details of recruitment for that study are provided elsewhere (Eyler et al.,
1998). The University of Florida institutional review board approved this study, and a
federal Certificate of Confidentiality was obtained. In brief, pregnant women 18 years or
older were recruited when they first sought prenatal care; women with previously diagnosed
chronic illness that might affect pregnancy outcome or fetal development (e.g., diabetes,
sickle cell disease, mental retardation) were excluded. Cocaine use was verified by interview
and unanticipated urine screens (at both study enrollment and delivery); women with
positive tests or admission of use of illicit drugs other than cocaine and marijuana were
excluded. Non-cocaine using women were matched to cocaine users based on race,
socioeconomic status, parity and location of prenatal care. At each stage of the study,
informed consent from a parent/guardian and child assent were provided. Of the 296
surviving children enrolled in the original study, 263 participated in the 10-year follow-up
assessment and completed all outcome measures. From this group, a subset was selected to
participate in neuroimaging during adolescence on the basis of proximity to the University
of Florida (imaging location) and hair tests for cocaine use at age 10.5 and 12.5 years. Youth
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with positive hair tests were selected along with negative hair test subjects matched for PCE
and gender.

2.2 Participants
Imaging data was collected from 42 youth aged 14–16 years. 16 subjects participated in a
previous DTI study of cocaine exposure approximately 4 years earlier at age 10–12 years
(Warner et al., 2006). Since prenatal alcohol exposure has significant effects on DTI
parameters (Lebel et al., 2008; Sowell et al., 2008; Wozniak et al., 2006), subjects were
separated into three groups: those with no prenatal alcohol or cocaine exposure (controls,
n=13), those with prenatal exposure to cocaine but not alcohol (PCE, n=12), and those with
prenatal exposure to both cocaine and alcohol (CAE, n=17); see Table 1 for demographic
information by group. As cocaine use is difficult to quantify, prenatal cocaine exposure was
calculated as the number of weeks of use during pregnancy and the three months prior to
pregnancy, divided by the total number of weeks over this time period. Prenatal alcohol
exposure for these purposes was defined as an average of more than one half of one standard
drink per week during pregnancy (equivalent to ≥9 mL of absolute alcohol per week). After
a complete description of the study to the subjects, written informed consent was obtained.

2.3 Cognitive assessment
All subjects but one were given cognitive assessments of executive function on the same day
as MRI scanning: Trail Making Tests A and B, the Stroop Color-Word Test, and the
Wisconsin Card Sorting Task (WCST); the examiner was blind to subject status. The Trail
Making Test A measures motor speed and visual attention by asking participants to connect
25 number-containing circles in numerical order as fast as possible. In Part B, circles contain
a number or a letter and participants must connect them in order of 1-A–2-B-etc; this
measures not only visual attention and motor speed, but also cognitive flexibility (Gaudino
et al., 1995). The Stroop Color-Word test assesses directed attention by asking participants
to ignore the letters of a word and say the color of its text instead (Stroop, 1935); raw scores
indicate the number of correct answers given in 45 seconds. The WCST is a card-matching
task based on color, quantity, and design of shapes on a set of cards that measures set-
shifting ability (Monchi et al., 2001). Age and cognitive scores were compared across
groups using one-way ANOVAs with post-hoc tests. Gender, additional drug exposures, and
hair testing were compared across groups using the nonparametric Kruskal-Wallis Test with
post-hoc comparisons using the nonparametric Mann-Whitney Test for two related samples.
For demographic tests, p<0.05 was considered significant. See Table 1.

2.4 Image acquisition and processing
Imaging data was collected on a 3 T Philips Achieva (Best, Netherlands) scanner at the
University of Florida. The protocol included T1-weighted and T2-weighted imaging, and
DTI using a spin-echo EPI sequence with 60 2 mm slices, 15 diffusion encoding gradient
directions, field of view 256×256 cm, matrix of 128×128, TR/TE=10,000/60 ms, and b=800
s/mm2; total DTI acquisition time was 6 minutes.

Diffusion images were processed using Diffusion Toolkit (version 0.6, Athinoula Martinos
Center for Biomedical Imaging, Boston, MA) to fit a tensor model to the data and generate
FA and MD maps. Whole brain brute force tractography was performed in TrackVis
(version 0.5, Athinoula Martinos Center for Biomedical Imaging, Boston, MA) according to
the FACT algorithm (Mori et al., 1999) using an FA threshold of 0.2 and a maximum
turning angle of 35°. Ten major white matter fiber bundles that are possible to reconstruct
reliably using streamline tractography (the genu, body, and splenium of the corpus callosum,
the dorsal cingulum, the corticospinal tract, the anterior thalamic radiations, the inferior
longitudinal and fronto-occipital fasciculi, the uncinate fasciculus and the arcuate fasciculus)
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were delineated manually by the same operator (L.S.), following a strict protocol (see
Supplementary Figure S1), blind to subject age, gender, and exposure group. Color maps
were used as a guide for tractography, and the tracking protocol was developed and refined
according to a priori information on tract location (Wakana et al., 2004) by two DTI experts.
Inclusion and exclusion regions, as well as length restrictions were developed for each tract
to ensure consistent and unbiased tracking among individuals. Generally, two inclusion
regions were used, one at either end of the tract, and exclusion regions and length
restrictions were implemented as necessary to eliminate spurious streamlines. For all tracts
except the corpus callosum, left and right sides were delineated and analyzed separately.

2.5 Tract-based statistics
Diffusion parameters were calculated along each tract and statistical analysis was carried out
using along-tract statistics (Colby et al., 2012). Briefly, tracts were parameterized along their
length, and FA and MD parameters were extracted at multiple points along each tract by
averaging across all streamlines at that cross-section; the number of points used was
constant for each tract and based on its average length across subjects. First, MD and FA
values were tested using mixed models to examine group differences and group-point
interactions, with a threshold of p<0.003 (corrected for 17 multiple comparisons). Any tracts
with significant group-point interactions were then examined for group differences at each
point along the tract using ANOVAs and p<0.05.

2.6 Relationships between diffusion parameters and cognitive measures
Tracts with significant group differences were tested for correlations between cognitive
assessments (Trail Making Tests A and B, WCST total errors and perseverative errors
standard scores, Stroop Color-Word raw score) and diffusion parameters (FA and MD)
along their lengths. A mixed models approach including test score, group, and point along
tract was used, such that both main effects and interaction terms were included for all three
variables. Tracts with significant main effects or interaction terms involving test score were
examined further to determine the location of differences. A threshold of p<0.01 was used,
which corresponds to p<0.05 corrected for 5 comparisons.

2.7 Other prenatal drug exposures
To ensure that observed effects could be attributed to cocaine and/or alcohol exposure rather
than other drugs, follow-up analysis was run with prenatal tobacco exposure (average
number of cigarettes per week) and prenatal marijuana exposure (average number of joints
per week) included as covariates.

3. Results
3.1 Group demographics

Groups did not differ significantly on age, gender, prenatal marijuana exposure,
socioeconomic status, home environment, hair tests for cocaine use, or performance on
cognitive tests other than Trail Making B (see Table 1). Only one subject, from the PCE
group, had positive hair samples for cocaine at both the 10.5 year and 12.5 year time points.
The CAE group had significantly higher scores (slower performance) on the Trail Making
Test B than both of the other groups. Control subjects had significantly lower tobacco
exposure than both cocaine-exposed groups.

3.2 Tracking results
Qualitatively, tracking results were similar among groups, and most tracts were easily
delineated in most subjects. The arcuate fasciculus can be difficult to delineate due to its
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asymmetry, and the right side was not successfully tracked in 10 subjects (1 control, 2 PCE,
7 CAE); the left side was not tracked in three subjects (1 control, 2 PCE). The right
uncinate, left and right anterior thalamic radiations, right corticospinal tracts, and right
inferior fronto-occipital fasciculus each failed to be delineated in one subject (different
subjects for each tract). Two PCE youth and one CAE individual had failed tracking in the
left inferior fronto-occipital fasciculus, while three different subjects had failed tracking in
the left inferior longitudinal fasciculus (1 PCE, 2 CAE), and those three plus one more from
the CAE group had failed tracking in the right inferior longitudinal fasciculus. Subjects were
excluded only from analysis of the tracts that were not successfully delineated, and included
for all other analysis; numbers for each comparison are given in Table 2.

3.3 FA values
The right cingulum (df=74, 1443; F=1.68; p=0.004) and right arcuate fasciculus (df=80,
1160; F=1.53; p=0.0026) had significant point-group interactions (Table 2). Post hoc testing
demonstrated that group differences in the right cingulum were localized to the central and
posterior portions of the tract. In these regions, the PCE group had lower FA than both the
control and CAE groups. In the central cingulum, the CAE group had higher FA than
controls (Figures 1 and 2). For the arcuate fasciculus, the CAE group had higher FA than the
PCE group and the PCE group had higher FA than controls at several small locations. In a
larger section of the central and anterior arcuate, the CAE group had significantly higher FA
than control subjects (Figures 1 and 2). For both of these tracts, FA differences ranged from
approximately 0.04–0.09 FA units, or approximately 7–11%. No tracts had group
differences when FA values were averaged across the entire tract.

3.4 MD values
MD point-group interactions were significant for the right cingulum (df=74, 1443; F=2.26;
p=1.6 × 10−8), left inferior longitudinal fasciculus (df=82, 1435; F=1.69; p=0.00017), and
splenium of the corpus callosum (df=122, 2379; F=1.47; p=0.0008; Table 2). In the right
cingulum, differences were localized to the central portion, where the PCE group had
significantly higher MD than the CAE group, and the anterior cingulum, where the CAE
group had significantly higher MD than the PCE group and controls (see Figures 1 and 3). In
the left inferior longitudinal fasciculus, the PCE group had significantly lower MD than
controls near the temporal end, higher MD than the CAE group in a small area near the
occipital end and lower MD than the CAE group in a small region at the temporal end (see
Figures 1 and 3). Splenium differences were located to the left of the midline, where the
PCE group had significantly higher MD than controls and the CAE group, and controls had
higher MD than the CAE group (Figures 1 and 3). MD differences ranged from 0.04–0.1
mm2/s (5–13%). No tract had group differences when MD values were averaged along the
entire length of the tract.

3.5 Correlations with executive function measures
Structure-function relationships were significant for FA in the right arcuate fasciculus and
right cingulum; in both cases, significant correlations overlapped the locations of group
differences (Table 2). In the right arcuate, point-score interactions were significant for Trail
Making Test A times (df=40, 1040; F=1.63; p=0.008). In the anterior portion, both the CAE
and control groups had significant positive correlations of FA with Trail Making A times;
one point at the temporal end of the arcuate had negative FA-Trail Making A correlations in
control subjects (see Figure 4A).

In the right cingulum, point-score interactions were significant for Stroop Color-Word
scores (df=37, 1332; F=1.94; p=0.0007). In the anterior right cingulum, correlations were
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negative in both the control and CAE groups; positive FA-Stroop correlations were observed
in the central cingulum in the PCE group (Fig. 4B).

MD values correlated with executive function measures in both the splenium of the corpus
callosum and the left inferior longitudinal fasciculus (Table 2). In the splenium of the corpus
callosum, the point-group-score interaction was significant for Trail Making B (df=122,
2196; F=2.36; p=0.2 × 10−13). Positive correlations were observed between MD values and
Trail Making B times for all three groups, located exclusively in the left hemisphere (see
Figure 4C).

In the left inferior longitudinal fasciculus, the point-group-score interaction was significant
for perseverative errors on the WCST (df=82, 1312; F=2.11; p=0.8 × 10−7 ).MD values
correlated negatively with perseverative errors for the CAE group in the occipital region;
similar correlations were negative in controls at the temporal end of this tract. In the central
inferior longitudinal fasciculus, correlations were positive in controls (Fig. 4D).

In most cases mentioned above, the correlations were also significant across the entire group
of subjects. No other correlations or interactions terms met the multiple comparison-
corrected significance of p<0.01.

3.6 Other prenatal and postnatal drug exposures
When prenatal marijuana and tobacco exposure were included as covariates in the analysis,
the original group differences remained significant for both FA and MD (p<0.003).
Correlations between FA or MD and prenatal tobacco and marijuana exposure levels were
not significant for any tract.

Analysis for FA and MD differences along tracts was conducted again after removal of the
one subject with positive hair samples for cocaine use at both 10.5 year and 12.5 year time
points (a PCE subject). Differences in the cingulum, inferior longitudinal fasciculus, and
splenium of the corpus callosum remained significant. In the right arcuate fasciculus, the
significance value for the point-group interaction was 0.01, which was below the
Bonferonni-corrected threshold, though the uncorrected value remains significant.
Investigation of the group differences along the right arcuate, however, indicated that all
original differences remained significant despite removal of this one subject.

4. Discussion
DTI tractography has revealed localized differences in white matter microstructure that are
related to PCE and do not appear to be attributable to concomitant exposure to other drugs.
Diffusion abnormalities were localized to small regions of the right cingulum, right arcuate
fasciculus, left inferior longitudinal fasciculus and splenium of the corpus callosum (Figure
1). Furthermore, these abnormalities were related to measures of executive function,
indicating structure-function relationships within cocaine-exposed individuals and control
subjects. Overall, this suggests measureable long-term structural brain differences associated
with in utero exposure to cocaine.

The most robust effect of PCE (without concomitant alcohol exposure) was observed to the
left of the midline in the splenium of the corpus callosum, where PCE subjects had higher
MD values than controls. The only other published DTI study of PCE in adolescents found
no significant differences in the corpus callosum (McKee et al., 2007), although they did not
examine areas outside the midline. Some youth in the current study (16 of 42) participated in
a previous imaging study when they were aged 10–12 years, which found elevated MD in
left frontal callosal and right frontal projection regions in cocaine-exposed children
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compared to controls (Warner et al., 2006). No significant MD or FA differences were
observed in these areas in the present study, which may be related to methodological
differences (regions-of-interest versus tractography), differing populations, or age-related
brain changes. Correlations in the splenium between MD values and Trail Making B Test
scores were significant for both controls and PCE subjects, indicating that higher MD is
associated with worse performance. In good agreement with these results, a previous study
reported positive correlations between splenial MD and the Delis-Kaplan Executive
Function System Trail Making Test in healthy adolescents (Fryer et al., 2008). The splenium
is associated with visuomotor integration and even subtle degradation can affect cognitive
processes (Schulte and Muller-Oehring, 2010). Thus, these findings are logical in that they
indicate worse tissue microstructure in the splenium (associated with higher MD) of those
with PCE, and that reduced tissue integrity there is associated with poorer cognitive
flexibility and motor speed.

Diffusion abnormalities in the CAE group compared to controls occurred in the splenium,
right arcuate and right cingulum, and may be due to alcohol and/or cocaine exposure, or an
interaction effect between the two drugs. Most differences indicated increased FA and
reduced MD in the CAE group, in contrast to previous studies of prenatal alcohol exposure
that demonstrate reduced FA and increased MD relative to controls (Fryer et al., 2009; Lebel
et al., 2008; Wozniak et al., 2006). However, increased FA in the right parietal lobe (Fryer et
al., 2009) and decreased MD in the corpus callosum (Lebel et al., 2008) have been observed
in prenatally alcohol-exposed children and adolescents. Furthermore, higher FA has been
noted in the corpus callosum in children and adolescents exposed prenatally to tobacco
(Jacobsen et al., 2007), and in frontal and parietal lobes of those with prenatal
methamphetamine exposure (Cloak et al., 2009). Although somewhat unexpected, these
results are informative and may highlight abnormalities due to the interaction effects of the
two drug exposures rather than to the prenatal alcohol exposure specifically.

Children with PCE are more likely to have difficulties with sustained attention and impulse
control than typically-developing children (Accornero et al., 2007; Ackerman et al., 2008;
Savage et al., 2005; Schroder et al., 2004), and these abilities have been linked with
activation of fronto-parietal regions, particularly in the right hemisphere (Lawrence et al.,
2003). Cocaine-exposed children demonstrate abnormal activation patterns in right frontal
and left occipital regions during response inhibition (Sheinkopf et al., 2009), supporting the
notion that the diffusion differences observed in right parietal and left occipital regions may
underlie attention and inhibition difficulties. Further support for this structure-function
relationship in cocaine-exposed subjects was provided by correlations between diffusion
parameters in the right frontal regions and the Stroop and Trail Making A tasks, both of
which require sustained attention (Figure 4). In both of these cases, worse performance was
associated with poorer white matter integrity in the PCE group, as indicated by lower FA
values. In many areas, similar relationships were also observed in the CAE and/or control
groups.

Cocaine blocks monoamine transporters, and through an accumulation of serotonin and
norepinephrine, results in decreased blood flow to the fetus and intrauterine growth
restriction (Ganapathy, 2011; Volpe, 1992). Alcohol, on the other hand, is a central nervous
system depressant and can impact fetal development by altering neuronal proliferation and
migration (Miller, 1986), or causing cell death (Ikonomidou et al., 2001). It is unclear why
certain regions of the brain may be more susceptible to the effects of prenatal exposures, but
the right parietal and callosal regions appear to be particularly vulnerable areas that are
commonly found to be abnormal in studies of prenatal alcohol exposure (Lebel et al., 2012b;
Lebel et al., 2011); differences have also been noted in prenatal methamphetamine exposure
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(Cloak et al., 2009). We observe similar findings related to prenatal cocaine exposure,
suggesting that these regions are vulnerable to the teratogenic effects of multiple substances.

Brain structure is influenced by a large number of factors, including experiences such as
learning a new skill or improving an existing one (Keller and Just, 2009; Scholz et al.,
2009). Furthermore, brain development trajectories differ in children with different IQs
(Shaw et al., 2006) and in children with prenatal alcohol exposure versus those without
(Lebel et al., 2012c). Therefore, the structural brain abnormalities observed here may be due
specifically to prenatal exposure or may be influenced by differing factors in the
participants’ postnatal environments. Socioeconomic status and measures of home
environment were collected several times during this longitudinal study, most recently when
these subjects were aged 12.5 years. At no time did the three groups used in this study differ
on these measures, demonstrating that subjects were well-matched demographically to
minimize possible environmental influences. However, to properly separate the effects of
prenatal and postnatal environments, longitudinal studies with large sample sizes and
extensive environment data are necessary; future studies of this type may provide valuable
information about the role of pre- and post-natal influences on brain structure.

The main strength of this study is its ability to attribute the observed effects more
specifically to cocaine exposure. This study was prospective, excluded women using illegal
drugs other than cocaine and marijuana, and obtained detailed exposure information about
cocaine, alcohol, marijuana and tobacco during pregnancy. The group of subjects exposed to
cocaine and not alcohol provides a unique study population and avoids the problems
associated with examining subjects with multiple drug exposures that could confound
interpretation. However, this study also has several limitations. The current preferred
method for identifying prenatal cocaine exposure is meconium sampling, while cocaine use
among pregnant women in this study was assessed via structured interview and urine
samples. These methods were common at the time of study enrollment and have been shown
to identify most, though not all, cocaine users (Eyler et al., 2005). Simulation studies
recommend the use of at least 30 diffusion gradient encoding directions (Jones, 2004), and
this study only used 15. However, studies on human subjects demonstrate tractography
results with similar reliability between 6 and 30 directions, although absolute values varied
slightly between protocols (Lebel et al., 2012a). Prenatal tobacco exposure was higher in the
cocaine-exposed groups than in controls and has been linked to altered FA values in the
corpus callosum (Jacobsen et al., 2007; McKee et al., 2007); however, a follow-up analysis
including prenatal tobacco and marijuana exposure as covariates did not change the
significance of FA or MD differences. Although well characterized and well-matched
between groups, the sample size is relatively small with 12–17 subjects per group, and
future studies with larger sample sizes and longitudinal data may further elucidate the effects
of prenatal cocaine exposure on brain structure.

Like additional prenatal exposures, current drug use can be a potential confound in studies
such as this one. The hair samples obtained at two time points prior to imaging indicate
cocaine use by some of the youth, with even distributions across groups. Only one
participant (a PCE subject) had positive hair samples at both time points, suggesting that the
vast majority of positive hair samples were due to experimentation by these youth, rather
than regular cocaine use. Although cocaine use has been shown to have effects on brain
microstructure in adults (Lane et al., 2010; Lim et al., 2008), subjects in previous studies
were heavy cocaine users for an average of 16–18 years prior to the study, whereas use in
this study was mostly experimental. To ensure validity of these results, however, we
reanalyzed the data excluding this individual. Results remained the same, though the
significance of FA differences was slightly diminished in the arcuate fasciculus. Future
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studies will require larger samples to disentangle potential contributions of prenatal
exposure and current drug use.

In conclusion, localized structural brain differences were observed in the right parietal lobe
and the splenium of the corpus callosum in adolescents with PCE, indicating worse tissue
microstructure than the control group. These areas are related to attention and response
inhibition, and diffusion parameters there were correlated with performance on tests of
executive function, further illustrating the structure-function relationships in this population
as well as in control subjects. This study reveals measurable long-term effects of prenatal
cocaine and alcohol exposure that may underlie cognitive and behavioral difficulties
experienced by these youth, demonstrating the importance of appropriate prenatal
counseling and early intervention and treatment to minimize deficits in affected children.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Tracts with significant group differences (right arcuate fasciculus - pink, right cingulum -
yellow, splenium of the corpus callosum – orange, and left inferior longitudinal fasciculus –
blue) are shown in the top row for a 14 year-old female in the cocaine and alcohol exposure
(CAE) group. Group differences are overlaid onto a mean tract in the images below,
indicating the direction and significance of the differences. The most prominent
abnormalities were elevated FA in the right cingulum and arcuate fasciculus, and lower MD
in the splenium of the corpus callosum in the CAE group compared to the other two. More
localized effects were observed between the prenatal cocaine exposure (PCE) group and
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controls and the CAE and PCE groups for both FA and MD in the right cingulum, right
arcuate fasciculus, left inferior longitudinal fasciculus and splenium of the corpus callosum.
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Figure 2.
Fractional anisotropy (FA) values are shown along tracts for each group (± point-wise 95%
confidence intervals) for tracts with significant point-group interaction terms. The locations
of significant differences are indicated below FA values with colored bars. Points along each
tract begin at the posterior end and continue toward the anterior end (indicated by green
arrow). No significant differences were observed in the left cingulum or arcuate fasciculus,
but these are shown for comparisons purposes. PCE=prenatal cocaine exposure;
CAE=prenatal cocaine and alcohol exposure.
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Figure 3.
Mean diffusivity (MD) values are shown along tracts for each group for tracts with
significant group-point interaction terms. Significant group differences are indicated with
colored bars at the bottom of each plot. No group differences were observed in the left
cingulum or right inferior longitudinal fasciculus, but these are shown for comparison
purposes. PCE=prenatal cocaine exposure; CAE=prenatal cocaine and alcohol exposure.
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Figure 4.
Significant correlations between diffusion parameters and cognitive assessments are shown.
FA values in the right cingulum and arcuate fasciculus correlated with Stroop Color-Word
test scores and Trail Making Test A times, respectively (A, B). In the splenium of the corpus
callosum and the left inferior longitudinal fasciculus, correlations between MD and Trail
Making B times and perseverative errors on the WCST, respectively, were significant (C,
D). Note that higher Trail Making times and WCST scores indicate worse performance,
whereas higher Stroop scores indicate better performance. Where significant, trend lines for
each group (solid, colored), and across all subjects (black, dotted) are shown. * p<0.05; **
p<0.01.
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Table 2

Group differences of diffusion parameters and correlations with executive function measures.

Fractional Anisotropy Mean Diffusivity

Tract
(n for CON/PCE/CAE)

Group
Differences

Correlations
with EF
measures

Group
Differences

Correlations with
EF measures

Anterior thalamic
radiations
(13/12/16)

N.S. n/a N.S. n/a

Arcuate fasciculus
(L: 12/10/17; R: 12/10/10)

F=1.52/p=0.0026
R central,
anterior:
CAE>PCE>CON

F=1.63/p=0.008
TM A in R
anterior (pos in CAE, CON)

N.S. n/a

Cingulum
(13/12/17)

F=1.68/p=0.004
R central,
posterior:
CAE>CON>PCE

F=1.94/p=0.007
Stroop in R
central, anterior
(pos in PCE, neg in CAE)

F=2.26/p=1.6×1
0−8

R anterior:
CAE>PCE
R central:
PCE>CAE

N.S.

Corticospinal tract
(L: 13/12/17; R:13/12/16)

N.S. n/a N.S. n/a

Genu (13/12/17) N.S. n/a N.S. n/a

Body (13/12/17) N.S. n/a N.S. n/a

Splenium
(13/12/17)

N.S. n/a F=1.47/p=0.008
L hemisphere:
PCE>CON>CA
E

F=2.36/p=0.3 ×
10−13

L side with TM B
(pos in all groups)

Inferior fronto-
occipital fasciculus
(L: 13/10/16; R: 13/12/16)

N.S. n/a N.S. n/a

Inferior
longitudinal
fasciculus (L:13/11/15; R: 13/11/14)

N.S. n/a F=1.69/p=1.7 ×
10−4

L temporal:
PCE>CAE
L central:
PCE>CAE

F=2.11/p=0.8 ×
10−7

L central, occipital
with WCST
perseverative errs
(pos in CON, neg in CAE)

Uncinate
fasciculus (L:13/12/17; R: 13/12/16)

N.S. n/a N.S. n/a

EF = executive function; N.S. = not significant; n/a = not assessed; TM A/TM B = Trail Making A/B, Stroop = Stroop color-word; WCST =
Wisconsin card sorting task
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