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Boys  with  serious  conduct  and  substance  problems  (Antisocial  Substance  Dependence  (ASD))  repeat-
edly  make  impulsive  and  risky  decisions  in spite  of  possible  negative  consequences.  Because  prefrontal
cortex  (PFC)  is involved  in  planning  behavior  in  accord  with  prior  rewards  and  punishments,  structural
abnormalities  in  PFC  could  contribute  to a person’s  propensity  to  make  risky  decisions.
Methods:  We  acquired  high-resolution  structural  images  of 25  male  ASD  patients  (ages  14–18  years)  and
19 controls  of  similar  ages  using  a 3 T MR  system.  We  conducted  whole-brain  voxel-based  morphome-
tric  analysis  (p < 0.05,  corrected  for multiple  comparisons  at  whole-brain  cluster-level)  using Statistical
Parametric  Mapping  version-5  and  tested  group  differences  in regional  gray  matter  (GM)  volume  with
analyses  of  covariance,  adjusting  for total  GM  volume,  age, and  IQ;  we further  adjusted  between-group
analyses  for ADHD  and  depression.  As  secondary  analyses,  we  tested  for  negative  associations  between
GM volume  and  impulsivity  within  groups  and  separately,  GM  volume  and  symptom  severity  within
patients  using  whole-brain  regression  analyses.
Results: ASD  boys  had  significantly  lower  GM  volume  than  controls  in  left  dorsolateral  PFC  (DLPFC),  right
lingual  gyrus  and bilateral  cerebellum,  and  significantly  higher  GM  volume  in  right  precuneus.  Left  DLPFC

GM volume  showed  negative  association  with  impulsivity  within  controls  and  negative  association  with
substance  dependence  severity  within  patients.
Conclusions: ASD  boys  show  reduced  GM volumes  in  several  regions  including  DLPFC,  a  region  highly  rele-
vant to  impulsivity,  disinhibition,  and  decision-making,  and  cerebellum,  a  region  important  for  behavioral
regulation,  while  they  showed  increased  GM  in  precuneus,  a region  associated  with  self-referential  and
self-centered  thinking.

© 2011 Elsevier Ireland Ltd. All rights reserved.
. Introduction

Conduct disorder (CD) and substance use disorders (SUDs) are
revalent (Nock et al., 2006) in adolescence and are associated
ith serious consequences, including teen pregnancy and HIV-

elated risk behaviors (Deas-Nesmith et al., 1999), incarceration
Teplin et al., 2002), accidents (Junger et al., 2001), and violent

r preventable deaths (Teplin et al., 2005). Despite available
vidence-based treatments (Waldron and Turner, 2008; Henggeler
t al., 1999), antisocial and substance use behaviors may  persist or

∗ Corresponding author at: Anschutz Medical Campus, 12469 E. 17th Place, Room
12,  P.O. Box 6508, Aurora, Co 80045, USA. Tel.: +1 303 724 3185;
ax: +1 303 724 3178.

E-mail address: Manish.Dalwani@ucdenver.edu (M.  Dalwani).

376-8716/$ – see front matter ©  2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.drugalcdep.2011.04.006
re-emerge after treatment (Crowley et al., 1998; Henggeler et al.,
2002; Myers et al., 1998).

Although many studies of youths with CD have attempted to
exclude those with SUD (Huebner et al., 2008; Sterzer et al., 2007;
Kruesi et al., 2004) and vice versa (Nagel et al., 2005), these dis-
orders commonly co-occur within individuals (Grella et al., 2001).
For example, in one recent large national epidemiological study,
those with CD were 8.4 times more likely than other respondents
to have a drug dependence diagnosis (Nock et al., 2006). Because
antisocial behavior problems and SUD co-occur so often the com-
bination sometimes is called “antisocial substance dependence”
(ASD) (Crowley and Gelhorn, 2010). In fact, co-occurring CD and

SUD are thought to represent separate behavioral manifestations
of a single underlying liability (Young et al., 2000; Krueger et al.,
2002), which is highly heritable (Young et al., 2000; Hicks et al.,
2004). Therefore studying subjects with only one disorder, while

dx.doi.org/10.1016/j.drugalcdep.2011.04.006
http://www.sciencedirect.com/science/journal/03768716
http://www.elsevier.com/locate/drugalcdep
mailto:Manish.Dalwani@ucdenver.edu
dx.doi.org/10.1016/j.drugalcdep.2011.04.006
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xcluding the other, may  yield atypical, non-representative sam-
les (Krueger, 1999).

Disinhibition is common among individuals with CD and SUD.
ndividuals with ASD are risk takers; they often show a lack
f restraint in situations with uncertain outcomes (either pun-
shment or reward) (Crowley et al., 2006), fail to inhibit well
ngrained responses (Fillmore and Rush, 2002; Swann et al., 2002;
ougherty et al., 2000; Mathias et al., 2002) or continue to pur-

ue rewards despite serious adverse consequences (Newman et al.,
987; Shapiro et al., 1988; Giancola et al., 1993). Adolescents with
SD score higher than controls on self-reported impulsivity, and

end to respond impulsively in the laboratory (Thompson et al.,
006), suggesting that such individuals may  possess a diminished
apacity for cognition-controlled reasoning essential to adaptive
ecision making.

A neurobiological contribution to ASD is supported by genetic
tudies of CD (Rhee and Waldman, 2002) and SUD (Rhee et al., 2003;
oung et al., 2006), behavioral studies of damaged prefrontal cortex

n humans (Anderson et al., 1999), and brain imaging in antiso-
ial adults (Raine et al., 2000) and adolescents with CD (Huebner
t al., 2008). The available evidence suggests that dysfunction of
refrontal cortex may  play a role in the disinhibited, dysregulated
ehavior of ASD individuals. The prefrontal cortex (PFC), which

ncludes the dorsal lateral prefrontal cortex (DLPFC), anterior cin-
ulate cortex (ACC), and orbitofrontal cortex (OFC), is involved in
ritical roles such as executive function, decision-making and inhi-
ition of impulses (Crews and Boettiger, 2009). More specifically,
he DLPFC is involved with attentional control, sustained behav-
oral organization to solve complex issues, goal selection and, along

ith OFC, in behavioral regulation through maintenance and inte-
ration of sensory, affective, and associative information (Crews
nd Boettiger, 2009). OFC may  subserve response to punishment
r threat (Kringelbach, 2005), response inhibition (Goldstein and
olkow, 2002), and response reversal (Kringelbach and Rolls, 2004),
nd may  be integral to the experience of complex emotions such as
egret (Camille et al., 2004), embarrassment, shame and guilt (Beer
t al., 2003).

Importantly, PFC injury produces some behaviors similar to
hose observed in ASD subjects. Individuals with injury to the
entro-medial PFC pursue short-term rewards despite long-term
egative consequences (Bechara, 2001). Multiple case reports link
evere frontal brain injury to difficulty in self-regulation of emotion
Eslinger et al., 1992), impairments in complex social and moral
ehavior and reasoning (Anderson et al., 1999), and verbal aggres-
ion (Grafman et al., 1996).

Not surprisingly, PFC structure reportedly is different in individ-
als with substance dependence and antisocial behavior problems.
dults dependent on cocaine (Sim et al., 2007) or alcohol (Fein et al.,
002), or abusing multiple substances (Liu et al., 1998), or exhibit-

ng violent or antisocial behavior (Tanabe et al., 2009) reportedly
ave reduced PFC gray matter (GM) volume. Among adolescents and
hildren, smaller PFC GM volume has been demonstrated in youth
ith alcohol use disorders with other comorbid mental disorders

De Bellis et al., 2005), and CD (Huebner et al., 2008). However, not
ll studies agree (Medina et al., 2008; Sterzer et al., 2007; Kruesi
t al., 2004; De Brito et al., 2009), and there is considerable between-
tudy variation in exact locations of PFC volume differences. Despite
hese differences, many authors suggest that inhibitory dysfunction
n PFC is a key neural mechanism underlying addiction (Dom et al.,
005; Jentsch and Taylor, 1999; Goldstein and Volkow, 2002).

Given the disagreement across studies on which portions of
he PFC anatomy are affected in conduct-disordered or substance-

ependent youth (Huebner et al., 2008; Medina et al., 2008; Sterzer
t al., 2007; Kruesi et al., 2004; De Brito et al., 2009; De Bellis
t al., 2005), we performed whole-brain voxel based morphom-
try (VBM) to examine prefrontal gray matter volume in male
ependence 118 (2011) 295– 305

adolescents with ASD as compared to controls. VBM employs an
automated segmentation procedure and standardized parametric
statistics to avoid biases inherent in operator-dependent morpho-
logical operations (Ashburner and Friston, 2000). Based on prior
findings that adults with ASD have smaller medial PFC GM volumes
than controls, especially in OFC (Tanabe et al., 2009), we expected
to observe similar effects. However, as adolescence has recently
been shown to be a developmental period in which many changes
in brain anatomy are occurring (Lenroot et al., 2009), we performed
our investigation using whole-brain VBM to also examine possible
volumetric abnormalities outside of the PFC.

Finally, it is important to stress that the current study utilizes
a sample of male-only patients and controls (a separate female
sample is currently being recruited). This choice to conduct analy-
ses within-sex was made for several reasons. Developmental and
sex differences in certain conduct disorder related symptoms are
well known. For example, boys generally endorse more aggressive
or other-harmful symptoms than girls (Tiet et al., 2001; Lahey et
al., 2000). Previous work has also demonstrated sex differences in
severity of substance use phenotypes (Derringer et al., 2010). And
recent evidence supports sexual dimorphism in brain development
(Lenroot et al., 2007). Gender may  influence the impact of drug
use on prefrontal neurodevelopment (Medina et al., 2008). Thus, to
avoid the confounds of gender-specific morphometric pattern, we
examine a homogenous male-only sample in this study.

2. Methods

2.1. Inclusion/exclusion criteria

Subjects were males, ages 14–18 years, with estimated intelligence quotient
(IQ) score >80. Patients’ inclusion criteria were: a patient in a university-based
treatment program for adolescents with serious ASD, where most are referred
by  criminal-justice or social service agencies; referred to treatment for “con-
duct problems” (CP), including symptoms of DSM-IV TR (American Psychiatric
Association, 2000) CD, delinquent acts, arrests, school expulsions, or problems
with the law; and at least one non-nicotine SUD diagnosis. Controls could have
no  DSM-IV-defined CD, nor any SUD except nicotine, nor court conviction, nor
substance-related arrests, treatments, or school-expulsions. Patients and controls
were excluded if they had non-prescribed substances present in urine (AccuTestTM

for THC, cocaine, methamphetamine, amphetamine, barbiturates, benzodiazepines,
MDMA,  methadone, other opioids, PCP) or saliva (AlcoScreenTM for alcohol) either
about 7 days before, or immediately before scanning. Subjects were excluded if
they  or their parents lacked sufficient English skills for assenting or consenting.
Additional MRI  exclusion criteria included left-handedness, reports (or evidence) of
marked claustrophobia, orthodontic braces, color blindness, other contraindications
to MR scanning (embedded metal, pacemakers, cochlear implants or other non-MR-
compatible devices), history of head injury with loss of consciousness for more than
15  min, or history of significant neurological illness or neurosurgery. Color blind-
ness  was  an exclusion criterion to ensure visual feasibility for a functional MRI task
(Crowley et al., 2010) that immediately followed the structural acquisition.

2.2.  Sample

Thirty-four patient boys were recruited as mentioned above from a university-
based treatment program for adolescents with serious ASD; 25 male controls of
similar age, race/ethnicity, and zip code of residence were recruited through a
commercial firm and word-of-mouth. A subset of these subjects is included in a
parallel functional imaging study (Crowley et al., 2010). For this study, we excluded
15  subjects: 9 patients and 6 controls; 6 due to excessive motion, 4 for being
left-handed, 3 due to MRI  contraindications, and 2 (patients) for reporting no non-
nicotine SUD despite being in a substance treatment program. Final count included
19  controls and 25 patients, all right-handed. Previous VBM studies of similar design
that demonstrated structural difference in the PFC of patients compared to con-
trols have employed comparable sample sizes (Huebner et al., 2008; De Bellis et al.,
2005). Using similar procedures a female adolescent (patient and control) sample is
currently being collected and will be analyzed with results reported separately.

2.3. Assessments
Parents completed the Child Behavior Checklist (CBCL) (Achenbach, 1991a)  for
severity of attention-deficit hyperactivity disorder (ADHD) problems and a measure
of  socioeconomic status (SES) (Hollingshead, 1975). In a 2–3 h session subjects com-
pleted the Diagnostic Interview Schedule for Children (Shaffer et al., 2000) for ADHD
and  CD diagnoses, Composite International Diagnostic Interview Substance Abuse
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Fig. 1. Color map  (X coordinate: 51 mm left of midline) showing increased gray
matter in left dorsolateral prefrontal cortex (DLPFC)/inferior frontal gyrus (IFG) and
left cerebellum in control male adolescents compared with antisocial substance
dependent (ASD) male adolescents, after co-varying for total gray matter, age and

and separately within patients, we conducted whole brain regression analyses
examining possible negative associations between GM (dependent variable) and
impulsivity scores obtained from Eysenck impulsivity scale (independent variable)
and age, IQ and total gray volume (TGV) (nuisance variables). The statistical map  was

Fig. 2. Color map  (X coordinate: 20 mm right of midline) showing increased gray
matter in right precuneus/cuneus BA 7, 31 in antisocial substance dependence (ASD)
M.  Dalwani et al. / Drug and Alc

odule (CIDI-SAM) (Robins et al., 1988) for SUD diagnoses and recency-of-use, and
 Peak Aggression Scale (Crowley et al., 2001). Subjects also completed a number of
elf-report inventories, including Eysenck Junior Impulsiveness Scale (EIS) (Eysenck,
981)  for a measure of impulsivity, the Youth Self Report (YSR) (Achenbach, 1991b)
or  a measure of aggression and ADHD related problems (when CBCL unavailable),
nd Carroll Self Rating Scale (CRS) for depression score (Carroll et al., 1981). Finally,
ubjects completed two subtests (vocabulary and matrix reasoning) from the Wech-
ler  Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) for estimated IQ.
rom the Composite International Diagnostic Interview Substance Abuse Module,
e  calculated SUMDEP, the across-drug number of substance dependence symp-

oms. This measure discriminates patients with ASD from comparison subjects and
orrelates significantly with the number of days (out of the last 180 days) of non-
icotine substance use (Crowley et al., 2001).

.4. Image acquisition

Subjects were scanned in a 3 T MR scanner (General Electric) using a stan-
ard quadrature head coil. High-resolution 3D T1-weighted coronal slices were
cquired using a SPGR-IR sequence and the following parameters: TR/TE/T1/flip
ngle = 9 ms/1.9 ms/500 ms/10◦ , FOV = 220 mm2 in plane, slice thickness = 1.7 mm,
562 matrix, and number of slices = 124. The total scan time for structural acquisition
as  9 min  12 s.

.5. Data analyses

We compared patient and control groups on age, race/ethnicity, education, IQ,
epression, ADHD, impulsivity, aggression, CD, SUD and recency of substance use
sing independent t-tests and chi-square tests; when appropriate, nonparametric
nalogues (Mann–Whitney tests and Fisher’s Exact tests) were conducted. All tests
ere two-tailed with alpha level = 0.05.

The whole-brain VBM analyses generally followed standard pre-processing
ethods. In detail, we  used Statistical Parametric Mapping V5 (SPM5; The Well-

ome Trust Centre for Neuroimaging at University College London) and Matlab
R2008a) (Mathworks Inc., Natick, MA,  USA) software for data analyses. Structural
mages were reoriented and checked for motion by visual inspection. Structural
mages with artifacts caused by motion were excluded from the final analyses.
BM 5.1 (http://dbm.neuro.uni-jena.de/vbm) implemented in SPM5, combines tis-
ue  segmentation, bias correction, and spatial normalization into a unified model
Ashburner and Friston, 2005). VBM5’s Hidden Markov Random Field Algorithm
erformed segmentation by separating the images into three compartments: gray,
hite and cerebrospinal fluid. Default values were maintained; segmented gray

mages were normalized to the ICBM space. Use of adult brain template for spatial
ormalization of a pediatric sample may not be optimum due to developmental
ifferences between pediatric and adult samples (Wilke et al., 2003). We  therefore
onducted spatial normalization with a pediatric template (aged 13–18.8 years)
CCHMC2; Cincinnati Children’s Hospital Medical Center, Cincinnati, OH) in the
CBM (International Consortium for Brain Mapping) space with voxel dimension

 mm × 1 mm × 1 mm.  The modulated GM images generated from non-linear warp-
ng  were smoothed by an 8 mm full-width half-maximum Gaussian filter. We chose

 mm as the optimum filter-width to emphasize the focal effects of regional differ-
nces.

The whole-brain analyses compared volume estimates between groups using
nalyses of covariance (ANCOVA). Statistical maps were set at a cluster-level thresh-
ld  of p < 0.05, corrected for multiple comparisons with family-wise error (FWE)
sing alphasim Monte Carlo simulations (Ward, 2000), and a voxel-level threshold
f  p < 0.005. Alphasim Monte Carlo simulations estimated a critical cluster size of
218 voxels (1 mm3). To ensure the validity of cluster-level statistics, a non-isotropic
moothness correction was applied (Hayasaka et al., 2004). Absolute threshold
asking (threshold: 0.15) minimized GM/white matter boundary effects. Previous

tudies suggest that total gray or total intracranial volume (TGV/TIV) (Pell et al.,
008) along with age (Pell et al., 2008; Isaacs et al., 2004), and IQ (Frangou et al.,
004; Isaacs et al., 2004), are important covariates in VBM. Therefore, all three
ariables were evaluated to ensure minimal multi-collinearity, and then included
s  covariates in subsequent analyses. We had some initial concern that substance
ependence severity might be positively related to age and therefore, inclusion of
ge as a covariate might lead to false negative findings. However, bi-variate tests
id not support a significant correlation between age and SUMDEP in our patient
ample.

.6. Secondary analyses

.6.1. Secondary analyses—ROI analysis controlling for ADHD and depression. We
onducted post hoc secondary analyses to examine whether possible brain regions
howing between-group GM differences at the whole-brain voxel-level analysis
emained significant while controlling for ADHD and depression. We conducted

hese analyses using ROIs generated from between-group analyses to assure that
etween-group differences in GM volume were not explained by between-group
ifferences in severity of these commonly co-morbid disorders (i.e. ADHD, depres-
ion). We therefore generated GM volume estimates (intensities representing
illiliters (mL)) for clusters where the whole-brain VBM group analyses showed
IQ.  Statistical maps were set at a cluster-level threshold of p < 0.05, corrected for
multiple comparisons with family-wise error (FWE) using alphasim Monte Carlo
simulations and a voxel-level threshold of p < 0.005. Color bar represents t-value.

GM differences using a region-of-interest toolbox called MarsBaR (MARSeille Boîte
À Région d’Intérêt; Brett et al., 2002) for each subject. We then evaluated patient and
control GM differences (dependent variable) in SAS 9.2 using analysis of covariance
(Proc GLM; SAS Institute, 2008) that adjusted for severity of ADHD and depression
(from CRS) as independent variables along with the other three covariates (i.e., age,
IQ and total gray volume as nuisance variables) that were used at the whole-brain
level analysis. For ADHD the Attention Deficit Hyperactivity Problems scale score
from CBCL (completed by parents) was used when available; the corresponding
YSR scale completed by the subject was used for three patients without CBCL.

2.6.2. Secondary analyses—whole-brain voxel-based regression analyses of GM with
impulsivity within groups. Previous reports support a negative association between
brain volume (especially in frontal areas) and impulsivity (Boes et al., 2009; Matsuo
et al., 2009). Therefore, we  tested for negative associations between GM and impul-
sivity within groups using whole-brain regression analyses. Thus within controls
male  adolescents compared with control male adolescents, after co-varying for total
gray matter, age and IQ. Statistical maps were set at a cluster-level threshold of
p  < 0.05, corrected for multiple comparisons with family-wise error (FWE) using
alphasim Monte Carlo simulations and a voxel-level threshold of p < 0.005. Color
bar  represents t-value.

http://dbm.neuro.uni-jena.de/vbm
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Fig. 3. Color map  (X coordinate: 48 mm left of midline) showing negative association between the left DLPFC GM and impulsivity in controls after co-varying for total gray
matter, age and IQ. Statistical maps were set at a cluster-level threshold of p < 0.05, corrected for multiple comparisons with family-wise error (FWE) using alphasim Monte
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arlo  simulations and a voxel-level threshold of p < 0.005. Color bar represents t-val
lot  below the color map  shows the negative association (r = −0.85) between GM a

et  at p < 0.005 with cluster size of 1218 voxels (obtained from alphasim MonteCarlo
imulations as mentioned above). For controls (n = 19), the critical t-value was −2.98
nd  the critical correlation coefficient r-value was −0.63 with 14 degrees offreedom;
n  other words among controls any voxel, in order to be considered here, first had to
how a significant correlation between subjects’ GM volume and theirimpulsivity
cores (r = −0.63 or smaller, t = −2.98, p = 0.005); in addition, to furthercontrol for
hole-brain multiple comparisons that voxel had to be part of a clusterof at least

218 contiguous voxels, all meeting that same correlation threshold. Forpatients
n  = 25), the corresponding critical t-value was  −2.84 and the correspondingcritical
orrelation coefficient r-value was −0.537 with 20 degrees of freedom. Note, we did
ot test for negative association between impulsivity and GM volume acrossgroups
o  avoid bias as the groups differed significantly on impulsivity (p = 0.001).

.6.3. Secondary analyses—whole-brain voxel-based regression analyses of GM with
ymptom severity within patients. We tested for negative associations between
umber of substance dependence symptoms (SUMDEP) and GM within patients
nd separately for number of conduct disorder symptoms (CDSX) and GM within
atients; we  focused on negative associations because the extant literature has
enerally supported lower GM volumes in patients with conduct and substance
se  disorders (see Section 1). We  conducted whole brain regression with (reduced)
M  as the dependent variable and SUMDEP (or CDSX) as the independent variable
nd  age, IQ and total gray volume (TGV) as nuisance variables. Again, we applied

he same statistical threshold for significance (statistical map  p < 0.005 with clus-
er  size of 1218 voxels, based on the number of tests conducted in the whole-brain
nalysis). For patients (n = 25), the corresponding critical t-value was −2.84 and the
orresponding critical correlation coefficient r-value was −0.537 with 20 degrees of
reedom; in other words, for a cluster to be significant these thresholds required that
e crosshair marks the voxel with maximum negative association and the regression
ulsivity for that maximum voxel.

at least 1218 contiguous voxels all correlated at a correlation coefficient r-value of
−0.537 or smaller. For regression analyses with symptom severity, controls were not
tested because they were selected for not having conduct and substance problems.

3. Results

3.1. Demographic and clinical symptoms comparisons

Table 1 presents patient–control comparisons. Patients and con-
trols were similar in age and ethnic distributions. As expected,
patients had significantly lower IQ scores than controls. Also,
patients obtained significantly worse scores on our measures
of substance problems, depression, impulsivity, and aggression.
Patients were significantly more likely to meet criteria for conduct
disorder and multiple substance use disorder diagnoses.

3.2. Whole-brain VBM GM comparisons

VBM analyses (Table 2) showed significantly lower GM volume

in ASD boys compared with controls in the left DLPFC (Fig. 1), right
lingual gyrus and bilateral posterior lobe in the tuber region of the
cerebellum. Patients had significantly higher GM volume in right
precuneus (Fig. 2; Table 2).
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Fig. 4. Color map  (X coordinate: 45 mm left of midline) showing negative association between the left DLPFC GM and number of substance dependent symptoms (SUMDEP) in
patients  after co-varying for total gray matter, age and IQ. Statistical maps were set at a cluster-level threshold of p < 0.05, corrected for multiple comparisons with family-wise
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.3. Secondary analyses

.3.1. ROI GM comparisons after adjusting for ADHD and depres-
ion. The pattern of results (and significance) was not substantively
hanged in secondary ROI analyses evaluating patient–control
M volume differences while adjusting for severity of ADHD and
epression (data not shown).

.3.2. Whole-brain voxel-based regression analyses of GM with
mpulsivity within groups. Controls showed significant negative
ssociation in several frontal regions (Table 3, Fig. 3). Patients
howed significant association between GM and impulsivity in
ight inferior parietal lobe at the selected threshold level (max-
mum significant voxel (MNI): X = 45, Y = −34, Z = 33; t = 5.4;
luster size = 1861). However, patients’ impulsivity scores had

 skewed distribution requiring cautious interpretation of this

esult.

.3.3. Whole-brain voxel-based regression analyses of GM with symp-
om severity within patients. Patients showed significant negative
.005. Color bar represents t-value. The crosshair marks the voxel with maximum
ciation between GM and SUMDEP (r = −0.83) for that maximum voxel.

association of GM with SUMDEP in left DLPFC (Fig. 4; maxi-
mum significant voxel (MNI): X = −45, Y = 16, Z = 33; t = 6.69; cluster
size = 4214). Patients showed no regions with significant negative
association between GM and CDSX at the selected threshold level.

4. Discussion

4.1. Between-group analyses

CD and SUD commonly co-occur within individuals; this comor-
bidity has been explained by a significantly heritable predisposition
to behavioral under-control or disinhibition (Young et al., 2000).
Although there is a large literature of brain morphometry for adult
samples (with SUD and antisocial behavior), there is a relative
paucity for adolescents, especially with co-morbid conduct and
substance problems. We  will discuss two  main findings of this

study. First, compared to controls, ASD adolescents had smaller
GM volume in brain regions believed to be highly relevant to cog-
nition control and inhibition (DLPFC/inferior frontal junction), and
to behavioral regulation (cerebellum). Second, patients had greater
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Table 1
Patient–control comparisons.

Controls Patients Test statistic p-Value

(n = 19) (n = 25)

Demographics:
Age (sem) 16.59(0.37) 16.64(0.23) t = −0.13 0.89
Race

Caucasian 15 16
African American 1 4
Hispanic 2 5
Other 1 0
Caucasian vs. non-Caucasian �2 = 1.16 0.28

Education
Highest grade completed (sem) 9.74(0.39) 9.12(0.22) Mann–Whitney 0.18
Ever  repeated grade (n) 1 8 Fischer’s Exact 0.06

Diagnostic and other measures:
IQ (sem) 105.21(2.08) 98.08(1.68) t = 2.69 0.001
Carroll rating of depression (sem) 4.11(0.95) 8.76(1.21) Mann–Whitney 0.003
CBCL  (or YSR n = 3)

Attention Deficit Hyperactivity
Problems t-score (sem) 53.32(1.05) 58.44(1.57) t = 2.54 0.01

DISC  Lifetime ADHD diagnosis (n) 2 3 Fischer’s Exact 1.0
Impulsivity, aggression and conduct disorder
Eysenck Impulsivity Scale (sem) 6.95(1.04) 12.76(1.23) t = −3.47 0.001
Peak  Aggression Scale 0.37(0.23) 5.66(0.62) Mann–Whitney 0.001
Lifetime CD diagnosis (n) 0 22 Chi-Square <0.001
Substance use disorders
SUMDEP (sem) 0.15(0.16) 11.88(0.62) Mann–Whitney <0.0005
Lifetime substance abuse or dependence (n):

Alcohol 0 21 �2 = 30.53 <0.001
Cannabis 0 21 �2 = 30.53 <0.001
Tobacco 1 13 �2 = 10.87 0.001
Club  drugs 0 9 Fischer’s Exact 0.006
Cocaine 0 8 Fischer’s Exact 0.007
Hallucinogens 0 5 Fischer’s Exact 0.06
Amphetamine 0 3 Fischer’s Exact 0.25

#  Days used in past 180 days:
Tobacco 5.16(4.72) 119.88(9.75) t = −10.59 <0.0001
Cannabis 0.21(0.12) 82.60(13.60) t = −6.06 <0.0001
Alcohol 0.89(0.37) 34.80(8.14) t = −4.16 0.0003
Amphetaminesa 15.79(11.09) 16.04(9.95) t = −0.02 0.98
Cocaine 0 8.68(6.39) NA
MDMA/Ectasy 0 8.32(3.77) NA
Hallucinogens 0 6.28(3.48) NA
Opiate 0 0.84(0.43) NA
Ketamine 0 0.12(0.09) NA
PCP  0 0.04(0.04) NA

Abbreviations:  ADHD: DSM-IV-defined attention-deficit/hyperactivity disorder; CD: at least three lifetime DSM-IV conduct disorder symptoms; CBCL: child behavior checklist;
DISC:  Diagnostic Interview Schedule for Children; IQ: intelligence quotient measured by the two  subtests from the Wechsler Abbreviated Scale of Intelligence; on the Carroll
a  score of ≥10 is suggestive of clinical depression; SUMDEP: total number of substance dependence symptoms; sem: standard error of the mean; t: t-value for the t-test; �2:
C
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hi-square value for the Chi-square test; YSR: Youth Self Report.
a Two control subjects were on medication for ADHD (one for 180 days and one 

 relatively high level for controls.
M volume in a region involved in self-referential considerations
precuneus).

Four clusters (Table 2) survived cluster wise family-wise error
hreshold for the contrast control > patients in our between-group

able 2
egions in which groups significantly differed in GM volume.

Region Laterality/BA # Voxels 

Contrast 1: controls > patients
DLPFC InfFrGya Left; 9, 46 1628
Lingual Gyb Right; 19 1270 

Tuber,  pyramis and tonsil Left 2532 

Tuber, pyramis Right 1232 

Contrast 2: patients > controls
Cuneus/precuneus Right; 7, 31 1989 

bbreviations:  BA: Brodmann Area; DLPFC: dorsolateral prefrontal cortex; Inf: inferior; Fr
oordinates are reported in Montreal Neurological Space (MNI). Statistical maps were c
p  < 0.05) and were set at a voxel-level threshold p < 0.005.

a This cluster also includes voxels in the middle frontal gyrus, pre/post-central gyrus, in
b This cluster also includes voxels in the culmen and declive.
0 days) and hence the number of days amphetamines used in past 180 days shows
analyses. One of those clusters, the DLPFC and inferior frontal
gyrus (IFG) (Brodmann Area (BA) 9), was  the only cluster in the
frontal lobe and was over 1600 voxels (1 mm3/voxel) in size.
This cluster (Fig. 1) extended from the superior aspect of IFG BA

t X Y Z

 4.02 −53 5 32
4.53 12 −58 −2
3.93 −39 −68 −40
4.20 39 −68 −39

4.25 20 −77 23

: frontal; Gy: gyrus. Coordinates are given for the maximally significant voxel. The
orrected for multiple comparisons using family-wise-error cluster level threshold

ferior parietal lobule, and supramarginalgyrus (BA 6, 2 and 40).
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Table 3
Whole-brain regression between GM volume and impulsivity score in controls.

Region Laterality/BA # Voxels t X Y Z

DLPFC MiddleFrGya Left; 9 5179 6.16 −48 11 36
DLPFC InfFrGyb Left; 44 3160 4.40 −51 1 20
OFC  Medial FrGy Right; 10, 11 2071 5.75 12 54 −9
Frontopolar Sup FrGy Right; 10 1258 5.25 20 61 14
Middle Frontal Gy Right; 10 1522 5.07 32 54 7
OFC  Medial FrGy Left; 10 2478 4.60 −12 57 3
Middle FrGy Right; 10 1622 4.59 42 53 0
OFC, Middle/InfFrGy Left; 10, 47 1801 4.13 −43 44 6

Abbreviations: BA: Brodmann Area; DLPFC: dorsolateral prefrontal cortex; OFC:
orbitofrontal cortex; Inf: inferior; Fr: frontal; Gy: gyrus, Sup: superior. Coordi-
nates are given for the maximally significant voxel. The coordinates are reported
in  Montreal Neurological Space (MNI). Statistical maps were corrected for multiple
comparisons using family-wise-error cluster level threshold (p < 0.05) and were set
at  a voxel-level threshold p < 0.005.

a This cluster also includes voxels in the precentral gyrus (BA 6).
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lobule (BA 40) plays an important role in response inhibition
components of impulse regulation (Menon et al., 2001; Garavan
b This cluster also includes voxels in the precentral gyrus (BA 6).

/46 (i.e., pars opercularis) to caudal middle frontal gyrus, and
osteriorly (“y” direction) through the precentral BA 6 to postcen-
ral gyrus BA 2 up to the supramargial gyrus BA 40. Brass et al.
2005) suggest that the “inferior frontal junction (IFJ)”, a region
ocated more posterior than the mid-DLPFC in the fronto-lateral
ortex with an anatomical location (see Fig. 1 in Brass et al., 2005)
verlapping our DLPFC finding, can be structurally and function-
lly distinguished from the mid-DLPFC and plays a pivotal role
n cognitive control. IFJ is located at the junction of three func-
ional neuroanatomical domains (premotor, language and working

emory); it integrates information coming from these domains
nd thereby allows flexibility in adjusting behavior to a complex
nd changing environment (Brass et al., 2005). Lesion studies fur-
her suggest that left inferior frontal gyrus (IFG) is critical for
esponse inhibition (Swick et al., 2008). Left IFG and precentral
yrus are part of the mirror neuron system (MNS), mediating an
nderstanding of others’ actions, intentions, and emotions (Pfeifer
t al., 2008; Molnar-Szakacs et al., 2005; Iacoboni, 2005). The
NS, together with anterior insula and amygdala, may  provide

 neural substrate for empathy (Carr et al., 2003). Pfeifer et al.
2008) showed positive correlations between MNS  activity (includ-
ng IFG) and children’s tendency to empathize. Lack of empathy
s associated with antisocial behaviors and is a behavioral feature
ighly relevant to our patient population (Miller and Eisenberg,
988).

The only cluster (Fig. 2) with more GM volume in patients than
ontrols involved cuneus and precuneus. About 80% of this clus-
er was in precuneus BA 7, while the rest was in BA 31, consisting
f both precuneus and cuneus. Precuneus has connections with
djacent cortical regions but the principal extraparietal cortico-
ortical connections are with the frontal lobes, mostly prefrontal
ortex (BA 8, 9 and 46) (Cavanna and Trimble, 2006), including
he DLPFC region mentioned above. Precuneus plays an important
ole in self-referent information processing, and discriminating
elf- and other-descriptive words/phrases (Platek et al., 2008).
recuneus (BA 7) is involved in self-relevant information process-
ng (i.e., judgments on one’s own versus another person’s face or
ersonality traits), and intentional self-processing (i.e., judgments
n self-descriptive versus non-self-descriptive personality traits)
Kircher et al., 2002, 2000). Midline cortical structures including
recuneus (BA 7) contribute to being self-aware (Keenan et al.,
003; Kjaer et al., 2002). Iacoboni et al. (2004) showed increased
ctivity in precuneus and dorsomedial prefrontal cortex compared
o a resting state baseline during viewing of social interactions.

eft inferior frontal lobe and left inferior parietal lobe, parts of the
NS mentioned above, also contribute to the “self-other” process-
ependence 118 (2011) 295– 305 301

ing network, including processes associated with mirroring other’s
action (Uddin et al., 2005).

Thus compared to controls, our patients had less GM volume in
areas relevant to behavioral inhibition, impulsivity, and empathy
toward others, and more GM volume in areas involved in self-
referential processing. Perhaps consistent with this finding, youths
with ASD act in ways quite disparate from normal adolescents,
exhibiting disinhibited risky behaviors, failing to show affective
empathy, and pursuing self-interest while harming others.

We also found decreased GM in patients’ bilateral cerebel-
lum (tuber and pyramis, right culmen, declive and left tonsil) and
right lingual gyrus (BA 19). Although cerebellum’s role in ASD is
unclear, the vermis is involved in cocaine- and other-incentive-
related behaviors (Anderson et al., 2006). Indeed, cerebellum plays
a role in reward-based learning; patients with focal vascular lesions
have significantly impaired reward-based reversal learning (Thoma
et al., 2008). Anderson et al. (2006) suggest that cerebellar lesions
may  add to risks for alcoholism by impairing behavioral regula-
tion and that delayed development of cerebellar structures may
contribute to later alcohol dependence (Schmahmann et al., 2001).
Manzardo et al. (2005) agreed with the proposal that cerebellar
deficits may  play a causal role in the addiction process; they found
that developmental markers of cerebellar functioning in infancy
predicted alcoholic drinking at age 30.

A few studies have shown abnormal activation patterns
in cerebellum and lingual gyrus in vulnerable, or already
substance-dependent, populations. Teens with alcohol use disor-
ders, compared with controls, showed significantly less spatial
working-memory BOLD response in left lingual gyrus and bilateral
cerebellum, including semilunar nodule, tonsil, uvula and right cul-
men  and declive (Tapert et al., 2004). Young alcohol-naïve males at
high risk for alcoholism had reduced GM volumes in many regions,
including right cerebellum (Benegal et al., 2007). Mechtcheriakov
et al. (2007) also reported GM cerebellar deficits in adults with
alcohol addiction. Sim et al. (2007) showed reduced GM volume
in bilateral cerebellum in cocaine-addicted men. Thus, our finding
of reduced cerebellar GM volume in ASD youths supports numerous
suggestions that cerebellar abnormalities antedate, or accompany,
substance dependence.

4.2. Secondary analyses

After adjusting for severity of ADHD and depression, the pat-
tern of results (and significance) was  not substantively changed
in secondary ROI analyses evaluating patient–control GM volume
differences.

As secondary analyses, we conducted four whole-brain regres-
sion analyses, one within controls and three within patients.
Two of those within-group regression analyses demonstrated
negative associations of left DLPFC (BA 9) GM volume with impul-
sivity (controls) and severity of substance dependence (patients).
Interestingly, those clusters overlap with the left DLPFC cluster
identified in our between-group analyses (Figs. 1, 3 and 4). In
addition, our whole-brain regression analyses in controls (see
Table 3) replicated findings by others of negative association
between impulsivity and volume in several frontal lobe regions.
Boes et al. (2009) showed a negative association between ventral
prefrontal cortex and impulsivity in healthy boys (7–17 years);
while Matsuo et al. (2009) showed inverse correlation in OFC
volume and impulsivity in healthy adults (mean age 35.4 years).

Within-patients right inferior parietal lobe (BA 40) GM volume
showed negative association with impulsivity. The inferior parietal
et al., 2006; Potenza, 2008). Horn et al. (2003) showed negative
correlation between right inferior parietal lobule (BA 40) activation
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uring response inhibition in Go/No-Go paradigm and Eysenck’s
mpulsivity scores. However, as mentioned in Section 3.3.2, the
kewed nature of patients’ Eysenck impulsivity scores demands
autious interpretation.

The threshold used in this paper required over 1200 contiguous
oxels all meeting the voxel-level threshold (p < 0.005); therefore
maller areas with strong between-group differences would not
e identified with this approach. Hence, we felt it was  important to
est and report results utilizing a more stringent voxel-level thresh-
ld but smaller cluster size requirement than that set by alphasim.
herefore, in secondary analyses we set statistical maps at a
luster-level threshold of p < 0.05 (size 805 voxels), corrected for
ultiple comparisons with family-wise error (FWE), and a voxel-

evel threshold of p < 0.001. There were no group differences at this
luster- and voxel-level threshold combination. Much larger sam-
les may  be needed to satisfy a more stringent voxel-level threshold
riterion. While we are confident that our results using a voxel-level
hreshold of p < 0.005 with alphasim cluster correction adequately
ontrol for type I error rates, we are less confident about our ability
o exclude false negative results. For example, between-group dif-
erences for very small regions are likely not to be identified with
ur alphasim cluster correction approach to setting threshold, and
erhaps would not be identified without larger samples.

.3. Limitations

Our findings should be considered within the context of these
imitations. First, we cannot determine the causality of the observed
ssociations. Patients may  have relatively less GM volume across
hese brain regions because of multiple environmental insults, such
s regular use of alcohol, tobacco and/or illicit substances. However,
he adolescents studied here have relatively few years of heavy
ubstance use compared with adult substance-using samples. This
ould mean that SUDs of relatively brief duration in adolescence
nduce brain changes that are easily demonstrated and occur in
egions which are likely to reinforce further disinhibition, impulsiv-
ty, and behavioral problems. If true, this would have major public
ealth consequence given that the first drug dependence treatment
ften occurs years after onset of the disorder (Compton et al., 2007).
lternatively, observed brain differences might be caused primar-

ly by between-individual genetic differences as recent studies of
ormal adolescents support the high heritability of GM volume
Lenroot et al., 2009). This finding might suggest that brain dif-
erences mediate the between-individual genetic variations that
redispose adolescents to behavioral disinhibition (Young et al.,
000), affective dysregulation (Tarter et al., 1999), and later exter-
alizing behaviors and SUD (Iacono et al., 2008). Future studies
hould attempt to clarify whether brain volume differences predate
nset of substance use in externalizing, at-risk youth.

Second, processes that lead to volume differences cannot be
etermined here; differences might relate to changes in neuropil,
euronal size, dendritic or axonal arborisation. Third, although it is
empting to declare lower GM volume as suggestive of less func-
ional activity, the relationship between structural abnormality
nd corresponding direction of functional activity (i.e., hyperfunc-
ion versus hypofunction) is complex and not fully understood. For
xample, both excitatory and inhibitory activity contribute to the
lood-oxygen-level dependence (BOLD) signal in functional MRI
Logothetis, 2008; Tomassini et al., 2010), which in turn is posi-
ively correlated to local synaptic activity (Logothetis et al., 2001;
omassini et al., 2010). Thus we should exercise caution in neu-
obiological interpretations of our results and should not expect
 simple one-to-one relationship between imaging measures and
nderlying physiological or anatomical features (Tomassini et al.,
010). However, there is some evidence that smaller GM vol-
me seen here may  result in reduced functional activity. First,
ependence 118 (2011) 295– 305

using a subset of this sample, patients compared with controls
showed decreased fMRI activation while playing a risk-based deci-
sion making task in many key areas of the decision making network,
including left DLPFC (Crowley et al., 2010). Second, impulsivity
was negatively correlated with DLPFC volume in our within-control
whole-brain regression analyses. Thus, it may  be that our patients
show lower inhibition, higher impulsivity and therefore lower
functional activity and that this is in part demonstrable in smaller
gray matter volume in left DLPFC. Still our results cannot pro-
vide direct information about functional activity or whether any
activation differences represent deficits in inhibitory or excitatory
processes.

Fourth, although automated VBM is a widely used tool for
examining between-group structural brain differences and has
advantages over traditional region of interest manual-based
approach which can have operator bias, the VBM procedure can
be sensitive to imperfectly registered images, for example, VBM
cannot differentiate real changes in tissue volume from local mis-
registration of images (Ashburner and Friston, 2001; Bookstein,
2001); another important caveat is that there is no agreed upon
method for automated volumetrics and different approaches may
yield different conclusions (Klauschen et al., 2009). However in
recent years, iterative normalization and optimized segmentation
procedures and algorithms have been developed to improve the
final tissue classification (Ashburner and Friston, 2005). Emerton
et al. (2009) showed convergence in the VBM method in com-
parison with tracing-based volumetry methods; however they
advocated the two  methods to be considered complementary
rather than interchangeable methods, due to different statistical
approaches. Furthermore the same authors suggested that conver-
gence depends on various factors such as inter-subject anatomical
variability of the region of interest and/or the VBM preprocessing
protocol employed. Fifth, results from these males cannot be gener-
alized to female adolescents with ASD. However, the advantage of
sample homogeneity (gender, handedness) is likely reduced con-
founds in our analyses, given recent findings of sexual dimorphism
in adolescent brain development (Lenroot et al., 2007). Sixth, power
is difficult to estimate without knowing effect size, or the expected
differences in gray matter volume between patients and controls.
Without such knowledge, it is not possible to estimate the most
appropriate sample size. However, the sample size used in this VBM
study is comparable to the other studies of similar phenotypes (i.e.,
Huebner et al., 2008; Sterzer et al., 2007; Kruesi et al., 2004; De
Brito et al., 2009).

In sum, our results suggest that the brains of male youth with
ASD are notably different from youth of similar age and zip code of
residence. There is reduced gray matter volume in areas involved
in cognitive and emotional control and increased gray matter in
region associated with self-referential and self-centered thinking.
The brain abnormalities in these regions could contribute to the
antisocial and substance dependent behaviors of these youth.
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