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Purpose: To investigate whether sex modulates the effects of stimu-
lant dependence on gray matter volume (GMV) in patients
who have achieved long-term abstinence and to charac-

Robert |. Perry, MD terize how sex modulates GMV according to specific be-

Joseph T. Sakai, MD havioral measures, such as dependence symptom count,

Justin M. Honce, MD behavioral approach, and impulsivity.
Jody Tanabe, MD

Materials and Colorado Multiple Institutional Review Board approval
Methods: and informed consent were obtained. In this prospective
parallel group study, 127 age- and sex-matched partici-
pants (68 control subjects [28 women, 40 men| and 59
patients with stimulant dependence [28 women, 31 men])
underwent T1-weighted spoiled gradient-echo inversion
recovery magnetic resonance imaging of the brain at 3
T. Images were segmented by using voxel-based morpho-
metric software. After adjustment for age, education, and
head size, the effects of group according to sex on GMV
and main effects were analyzed throughout the whole
brain by using an analysis of covariance family-wise clus-
ter corrected for multiple comparisons, with a threshold
P value of less than .05. Dependence symptom count and
behavioral measurements were correlated with GMV in
the whole brain and in five a priori regions of interest.

Results: The effects of group according to sex on GMV were signif-
icant in numerous regions (P < .001). Compared with fe-
male control subjects, women with stimulant dependence
had significantly lower GMV in widespread brain regions
(P < .001). There were no significant differences in GMV
between male control subjects and men with stimulant
dependence (P = .625). Dependence symptom count neg-
atively correlated with GMV in the nucleus accumbens in
women (left: r = —0.364, P = .047; right: r = —0.407, P =
.031) but not in men (left: r = —0.063, P = .737; right: r
= —0.174, P = .349). Behavioral approach (P = .002) and
impulsivity (P = .013) correlated negatively with frontal
and temporal GMV changes in women with stimulant de-
pendence but not in the other groups.

| Conclusion: Vast changes in GMV were observed in women with stim-
1 From the Departments of Bioengineering (M.FR.), ulant dependence after prolonged abstinence, but were
Radiology (D.Y., R.I.P, J.M.H., J.T.), and Psychiatry (M.D., not observed in men. Sexual dimorphism in drug-related
J.T.S.), University of Colorado School of Medicine, 12700 neuroanatomic changes and brain-behavior relationships
E 19th Ave, G278, Aurora, CO 80045. Received November may be mechanisms underlying the difference in clinical
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profiles of addiction between women and men.
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ubstance use disorders are com-

mon, with lifetime prevalence es-

timated to be 10.3% of the U.S.
population (1). Understanding the neu-
robiology of substance dependence is
requisite to advancing treatments. Neu-
roanatomic changes in patients with
drug addiction have been studied exten-
sively by using voxel-based morphome-
try (2). Structural changes have been
observed in the orbitofrontal cortex,

Advances in Knowledge

® After long-term abstinence,
women with stimulant depen-
dence showed cortical and sub-
cortical differences in gray
matter volume (P < .001) but
men did not show these differ-
ences (P = .625); women with
stimulant dependence exhibited
smaller neuroanatomic volumes
in vastly distributed regions of
the frontal, parietal, temporal,
insular, and subcortical areas.

B Reward, learning, executive con-
trol, and affective processing
areas including the insula (P <
.001), orbitofrontal cortex (P =
.003), cingulate cortex (P =
.005), medial frontal gyrus (P =
.006), and nucleus accumbens
were significantly different
between women with substance
dependence and female control
subjects after long-term absti-
nence, but no differences were
found between the corresponding
groups of men.

B Gray matter volume in the nu-
cleus accumbens, or “reward
center” of the brain negatively
correlated with the severity of
drug use in women (left: r =
—0.364, P = .047; right: r =
—0.407, P = .031) but not in men
(left: r = —0.063, P = .737; right:
r=—0.174, P = .349).

® Behavioral approach and impul-
sivity scores correlated with gray
matter deficits in women with
stimulant dependence (P = .002,
P = .013), but not in men (P =
.534, P = .267).

medial frontal gyrus, anterior cingulate
gyrus, insula, and nucleus accumbens
in patients with stimulant dependence
(2,3). In the largest meta-analysis of
stimulant dependence to date, Ersche
et al (2) reported significant decreases
in gray matter in the insula, ventrome-
dial prefrontal cortex, inferior frontal
gyrus, anterior cingulate gyrus, and an-
terior thalamus. Gray matter changes
also have been studied in adult sibling
pairs, in which one sibling is dependent
on stimulants and the other has no
history of dependence, with age- and
sex-matched control subjects (4). The
results of this study revealed changes in
limbic and sensory areas in both mem-
bers of the sibling pair compared with
the control subjects, suggesting that
gray matter volume (GMV) changes
may predate addiction and could be
an endophenotype for substance use
disorder.

To our knowledge, authors of few
previous studies (5,6) have investi-
gated the role of sex on changes in
brain structure in patients with stim-
ulant dependence. This is surprising
considering the well-characterized sex

Implications for Patient Care

B Neuroimaging results showed
that men and women with stimu-
lant dependence exhibit different
neuroanatomic changes that may
underlie known sex differences in
the clinical natural history of this
disease.

B Sex-based gray matter changes in
patients with stimulant depen-
dence correlated with sex-based
behavioral differences in behav-
ioral approach and impulsivity,
showing that the different psy-
chologic profiles in men and
women with substance depen-
dence are associated with spe-
cific neuroanatomic loci.

B Understanding sex differences in
both the neuroimaging and clin-
ical course of substance depen-
dence could lead to improved
sex-specific or individualized
medical treatment and recovery
plans.

differences in clinical presentation and
natural history of stimulant addiction.
Women exhibit an accelerated clinical
course compared with men: Women
begin cocaine or amphetamine use at
earlier ages (5,7,8), show accelerated
escalation of drug use (9-11), report
more difficulty quitting (10,12), and
report the use of larger quantities of
these drugs when they seek treatment
than do men (5,13). Neuroendocrine
factors have been hypothesized to un-
derlie an accelerated clinical course (5).
Another hypothesis is that, compared
with men, women respond differently
to stress, which influences drug-related
behavior (14). However, scant evidence
exists for a neuroanatomic correlation
of these clinical differences. Authors of
some studies (15-17) primarily have
recruited men to exclude the confound-
ing effects of sex, and other investiga-
tors (2,18,19) have not included sex as
a factor in their analyses of gray matter
in patients with stimulant dependence.
In fact, to our knowledge, only two
studies (20,21) have included descrip-
tions of structural differences between
the sexes in patients with stimulant
dependence. Rando et al (21) reported
lower GMV in the left inferior frontal
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gyrus, insula, superior temporal gy-
rus, and hippocampus in women with
stimulant dependence than in female
control subjects and lower GMV in the
precentral gyrus and mid cingulate gy-
rus in men with stimulant dependence
compared with male control subjects.
However, this study was significantly
limited by the potential effects of recent
alcohol use (mean number of drinks in
the month before imaging, 87) and lack
of long-term abstinence (mean length
of abstinence before imaging, 3 weeks),
allowing acute effects of substances to
skew results. Tanabe et al (20) report-
ed differential effects of sex on insular
volumes in patients with stimulant de-
pendence: Women with stimulant de-
pendence had smaller insulae, whereas
men with stimulant dependence had
larger insulae. This study was limited by
the small sample size (28 patients with
stimulant dependence) and rudimen-
tary methodology (the use of free open-
source software [FreeSurfer]) to esti-
mate GMV. In this study we addressed
the paucity of large, prospective, well-
controlled studies to investigate long-
term sex differences associated with
abstinent patients with stimulant de-
pendence. We investigated whether
sex modulates the effects of stimulant
dependence on GMYV in patients who
have achieved long-term abstinence.
We further sought to characterize how
sex modulates brain-behavior relation-
ships between GMV and specific be-
havioral measures, such as dependence
symptom count, behavioral approach,
and impulsivity.

Materials and Methods

A total of 127 individuals including 68
healthy control subjects (28 women, 40
men) and 59 patients with stimulant
dependence (28 women, 31 men) were
recruited prospectively (Fig 1). Control
subjects were similar in age and sex to
those with stimulant dependence. De-
mographic information is reported in
Tables 1 and 2. Patients with stimu-
lant dependence were recruited from
a residential treatment program at the
University of Colorado School of Medi-
cine Addiction Research and Treatment

Target Population: Stimulant Dependent
Individuals (n=86)

Target Population: Age-/Sex-Matched Healthy
Controls (n=85)

Inclusion Criteria:

« Lifetime psychostimulant dependence by
DSM-IV criteria

«Residence at University of Colorado School of
Medicine Addiction Research and Treatment
Services (ARTS)

Excluded (n=27):

* Major medical diagnosis (n=1)
—> . Major psychiatric diagnosis (n=18)
*Unable to undergo MRI (n=4)
*Low 1Q (n=4)

A\ 4

Inclusion Criteria:

* Age- and sex-matched

« Lifetime lack of dependence on alcohol or
drugs, excluding tobacco

Excluded (n=17):

* Major medical diagnosis (n=1)
—P +Major psychiatric diagnosis (n=8)
+ Unable to undergo MRI (n=5)
+Low 1Q (n=3)

Y

Sample Population: Stimulant Dependent
Individuals (n=59)

Sample Population: Age-/Sex-Matched Healthy
Controls (n=68)

Figure 1:

Flow chart shows sample population selection and inclusion and exclusion criteria.

DSM-1V = Diagnostic and Statistical Manual of Mental Disorders, 4th Edition.

Services. The inclusion criterion was
dependence on stimulants (metham-
phetamine, cocaine, or amphetamine-
class substances) diagnosed according
to criteria in the Diagnostic and Sta-
tistical Manual of Mental Disorders,
fourth edition. Control subjects were
recruited from the community and
were excluded if they were dependent
on alcohol or other drugs of abuse, ex-
cluding tobacco. Exclusion criteria for
all subjects were depression within the
past 2 months, psychosis, neurologic
illness, prior head trauma resulting in
a loss of consciousness for more than
15 minutes, prior neurosurgery, HIV-
positive status, diabetes, hepatitis C,
bipolar disorder, other major medical
illness, inability to tolerate MR imag-
ing, intelligence quotient of less than
80, urine screen (AccuTestTM, www.
accutest.net) or saliva screen (Alco-
ScreenTM, www.alcoscreen.com) re-
sults positive for drugs. All participants
provided written informed consent, and
the study was approved by the Colora-
do Multiple Institutional Review Board.

Structured Interviews

The Composite International Diagnos-
tic Interview Substance Abuse Module
is a computerized structured interview
that allows assessment of diagnoses of
substance dependence and symptoms
for 11 different drugs of abuse (22). All

subjects were administered the Com-
posite International Diagnostic Inter-
view Substance Abuse Module to verify
dependence in the patients with stimu-
lant dependence and to exclude control
subjects who were dependent on sub-
stances other than tobacco.

The Diagnostic Interview Schedule
version IV is a computerized structured
interview used to screen for psychiat-
ric disorders (23). All subjects were
administered the Diagnostic Interview
Schedule version IV to exclude those
with a history of psychosis or bipolar
disorder or major depressive disorder
in the past 2 months. This computer-
ized interview (24) allows computation
of four abuse (ie, legal problems due
to drugs) and seven dependence (ie,
uncontrolled substance use escalation)
symptoms for each drug class. Drug
use severity was calculated by adding
the number of abuse and dependence
symptoms. This approach is consistent
with the single set of clinically relevant
criteria in the Diagnostic and Statisti-
cal Manual of Mental Disorders, fifth
edition, which was released after we
performed data collection for the cur-
rent study.

The Barratt Impulsiveness Scale
(25) is a 30-item self-reported ques-
tionnaire that is used to quantify im-
pulsiveness. Participants rate whether
phrases and words describing aspects
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Table 1

Demographic Description of the Sample Population

Healthy Control Subjects Patients with Stimulant Dependence PValue

By Group
Demographic Men Women Men Women By Group By Sex and Sex
No. of subjects* 40 28 31 28 424 183 .384
Age () 332+99 319+76 36.7+76 33779 .082 .203 151
Right-handed subjects (%)* 92.5 89.3 96.7 89.3 .579 139 428
Education (y)* 140+ 1.6 15.4 =11 126 =15 12217 <.001 .290 .001
Years of Use (y) 161 +7.0 152 + 8.0 .663
Abstinence (mo)* 175+ 15.6 11.2+79 .073
Dependence symptom count* e .. 33.6 £14.3 25.6 +10.2 .015 .
Negative affect’ 16.2 = 6.7 143 +35 20.8 + 9.0 221 +741 <.001 .809 198
Behavioral approach 39344 356 +8.3 421 +50 443 47 <.001 433 .005
Impulsivity 59.1 +8.7 552+ 741 69.6 + 10.7 73.7 +11.3 <.001 .963 .022

Note.—Unless otherwise indicated, data are means = standard deviation.

* X2 test.
2 X 2 analysis of covariance.
* Independent samples t test, equal variances not assumed.

Table 2

Percentage of Patients Satisfying
Criteria for Dependence

Drug Men Women PValue*
Stimulants 100 100 >.999
Cocaine 67 M .077
Amphetamines 83 89 .889
Nicotine 73 74 763
Alcohol 67 67 >.999
Cannabis 50 37 239
Opiates 37 19 114
Club drugs 10 7 .655
Sedatives 10 0 .083
Hallucinogens 10 4 317
* X2 test.

of impulsivity are self-descriptive. The
Behavioral Activation System (26,27)
scale is a 13-item questionnaire used to
measure responsiveness of motivational
systems; “behavioral approach” charac-
terizes the level of arousal and response
to cues toward favorable outcomes and
positive affective states.

MR Imaging Examination and Image
Processing

MR imaging of the brain was per-
formed by using a 3-T MR imager (GE,

Milwaukee, Wis) and standard quadra-
ture head coil. High-spatial-resolution
T1-weighted spoiled gradient-echo
inversion-recovery sequences were
performed in each subject with the
following parameters: repetition time
msec/echo time msec, 45/20; flip angle,
45°; matrix, 256 X 256; field of view,
240 X 240 mm? (0.9 X 0.9 mm? in
plane), section thickness, 1.7 mm; and
acquisition plane, coronal. All images
were evaluated by a board-certified
neuroradiologist (J.T., a neuroradiology
professor with 20 years of experience)
for structural abnormalities. No exami-
nations were excluded on this basis.
T1-weighted MR images of the
brain were processed (M.F.R., a radiol-
ogy resident with 2 years of experience;
and M.D., a graduate student with 8
years of experience studying brain mor-
phometric methods; and J.T.) by using
the VBMS8 toolbox (http://dbm.neuro.
uni-jena.de/vbm8/) and SPMS8 (http://
www.fil.ion.ucl.ac.uk/spm/)  software.
Images were segmented into gray mat-
ter, white matter, and cerebrospinal
fluid probability maps anatomically
coregistered by using diffeomorphic an-
atomic registration through exponenti-
ated lie algebra (28). Custom templates
were created for our sample population

and were used to register the images.
Segmented images were nonlinearly
modulated after registration to pre-
serve relative regional volume, after
correction for different brain sizes. Seg-
mented gray matter probability maps of
each subject were visually inspected
for quality control (M.F.R.); no images
were excluded. Normalized, modulated
images were smoothed with an 8-mm?
full-width at half-maximum Gaussian
kernel.

Statistical Analysis

Whole-brain analyses of GMV were
performed (M.F.R. and J.T.) by using
two-way analysis of covariance to de-
termine the effects of group (healthy
control subjects and patients with stim-
ulant dependence) according to sex and
the main effects of group and sex. All
analyses were adjusted for age, educa-
tion, and head size measured as total
intracranial volume. Age did not differ
between the groups but is an important
covariate, because it directly affects
global GMV (29). The level of patient
education differed between the groups
(Table 1). A P value of less than .05
was considered to indicate a signifi-
cant difference, corrected for multiple
comparisons by using family-wise error
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(FWE) correction with simulation soft-
ware (AlphaSim, http://afni.nimh.nih.
gov/afni/) and Monte Carlo simulations
(10000 simulations), with a voxel-wise
threshold P value of less than .005.
The cluster threshold corresponded to
1202 voxels (each voxel, 3.375 mm?)
or 4056.8 mm?. Whole-brain analysis
interpretation was restricted to the
supratentorial space, because of the
reported methodologic difficulties of
infratentorial space segmentation (30).

In patients with stimulant depen-
dence, whole-brain regression analyses
allowed examination of the associa-
tion of GMV with the severity of drug
use. In exploratory regression analysis,
we compared behavior according to
sex and group with whole-brain GMV
(M.F.R. and J.T). Significance was de-
termined by using the aforementioned
cluster-based FWE-corrected P value of
less than .05 and threshold-free cluster
enhancement with correction for mul-
tiple comparisons by using an FWE-
corrected P value of less than .05 to
indicate a significant difference (31).
Threshold-free cluster enhancement
was used to evaluate small structures
measuring less than 4.05 cm® such as
the nucleus accumbens, the results of
which, otherwise, would have been pre-
cluded mathematically from reaching
significance (31,32).

Although  whole-brain
offers statistical robustness,
validation with predefined regions of
interest (ROIs) by using prior knowl-
edge improves classification (33-35).
Whole-brain voxel-level analysis is data
driven, without regard to specific anat-
omy, while predefined ROI analysis is
hypothesis driven for specific neuro-
anatomic structures on the basis of
prior knowledge. To confirm results
from whole-brain analyses, five a priori
neuroanatomic structures were hypoth-
esized to differ in patients with stimu-
lant dependence compared with those
in control subjects on the basis of their
involvement in reward, learning, exec-
utive control, and affective processing,
which are altered in patients with stim-
ulant dependence (2,3,36): the orbi-
tofrontal cortex, medial frontal gyrus,
anterior cingulate gyrus, insula, and

analysis
cross-

nucleus accumbens. Masks for these
structures were created by using the
Automated Anatomical Labeling atlas
toolbox (37). Total GMV of each struc-
ture was calculated by summing the
volume of the voxels. Individual voxel
volumes were calculated by multiply-
ing each voxel by its respective voxel
modulation. GMV in each ROI was an-
alyzed by using a two-way analysis of
covariance for group, sex, and group
according to sex, after adjusting for
age, education, and head size (M.F.R.
and J.T.). To correct for multiple com-
parisons, results were considered to
indicate a significant difference at an
FWE-corrected P value of less than .05
with Bonferroni correction for five ROIs
(pairwise comparison, P < .01). In ex-
ploratory regression analyses, GMV in
ROIs was compared with dependence
symptom count. Scores for behavior ac-
cording sex and group were compared
with GMV in ROIs, and the differences
were considered significant with a Bon-
ferroni correction for FWE throughout
all structures (P < .03; pairwise com-
parison, P < .01).

Demographics, Drug Severity, and
Behavioral Comparisons

Patients with stimulant dependence and
control subjects were similar in age and
sex (Table 1). There was no difference
in age between the sexes or by group.
There was a difference in education be-
tween the sexes and according to group
(F,,,; = 10.936, P < .001) and in the
main effects according to group (F,,,,
=74.914, P <.001). Female control sub-
jects had the most years of education,
followed by male control subjects, men
with stimulant dependence, and finally,
women with stimulant dependence had
the fewest years of education. Patients
with stimulant dependence had a mean
of 2.2 fewer years of education than did
control subjects.

In patients with stimulant depen-
dence, there were differences between
the sexes in the severity of drug use (P
=.015), with men having greater depen-
dence symptom counts. There were no

differences between the sexes in drug
exposure, abstinence duration, or years
of drug abuse. There were significant
differences between the sexes accord-
ing to group in behavioral approach
and impulsivity: Women with stimulant
dependence had the highest approach
and impulsivity scores, followed by men
with stimulant dependence, male con-
trol subjects, and finally, female control
subjects, with the lowest approach and
impulsivity scores.

Whole Brain Analysis

A significant difference in GMV be-
tween the sexes according to group
was found in widespread areas of the
cerebral cortex, thalamus, and basal
ganglia. To further characterize the in-
teraction, the effect of the group was
investigated in each sex separately. No
differences in GMV were observed be-
tween male control subjects and men
with stimulant dependence. However,
large, widespread differences in GMV
were observed between female control
subjects and women with stimulant
dependence (Fig 2). Compared with
female control subjects, women with
stimulant dependence had a signifi-
cantly lower GMV in the frontal lobe
(orbitofrontal cortex, medial frontal
gyrus, superior frontal gyrus), limbic
regions (insula, amygdala, cingulate
gyrus), temporal lobe (temporal pole,
uncus, parahippocampal gyrus, hippo-
campus, occipitotemporal gyri, supe-
rior temporal gyrus, middle temporal
gyrus), and inferior parietal lobule.
Greater GMV observed in female con-
trol subjects than in women with stimu-
lant dependence showed anatomic con-
gruence with the comparisons between
the sexes according to group.

A significant main effect of sex was
found, with women exhibiting compar-
atively greater regional GMV than men
throughout the cerebral cortex, thal-
amus, and basal ganglia (P < .001).
Subgroup analysis demonstrated ana-
tomically similar significant differences
between male and female control sub-
jects (Fig 3). A significant main effect of
the group was found throughout fron-
tal, temporal, insular, and parietal re-
gions (P < .001). Control subjects had
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Figure 2
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Figure 2:  Consecutive axial, sagittal, and coronal sections of a canonical T1-weighted MR imaging examination of the
brain with superimposed population-level T-value map show significantly greater GMV in female healthy control subjects
than in women with substance dependence, after correction for age, brain size, and years of education (P < .001).

significantly greater GMV than patients
with stimulant dependence.

Significant negative correlations
were found between the severity of
drug use and the GMV in the bilateral
nucleus accumbens (Fig 4; left, 290 vox-
els; Montreal Neurological Institute co-
ordinates, —9, 4, —2; P < .0001, FWE
corrected; right, 271 voxels; Montreal

Neurological Institute coordinates, 8,
10, —6; P < .0001, FWE corrected).
Years of substance use did not corre-
late with GMV. Abstinence positively
correlated with a small area of the
left superior frontal gyrus (171 voxels,
Montreal Neurological Institute coor-
dinates —18, 38, 33; P = .006, FWE

corrected). Years of substance use,

abstinence, and drug use severity were
not found to have significant sex-related
effects on GMV. Significant three-way
interactions among behavioral ap-
proach, group, and sex were seen in
the bilateral middle frontal gyri (Fig 5,
green; Table 3) In these areas, behav-
ioral approach in women with stimulant
dependence correlated negatively with

radiology.rsna.org = Radioelogy: \olume 277: Number 3—December 2015
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Figure 3:

GMYV, whereas positive correlation co-
efficients were seen in female control
subjects and both groups of men. Sig-
nificant three-way interactions among
impulsivity, group, and sex were seen
in the bilateral superior and middle
temporal gyri, right insula, right supe-
rior temporal sulcus, and right inferior
temporal gyrus (Fig 5, red; Table 3). In
these areas in women with stimulant de-
pendence, impulsivity correlated nega-
tively with GMYV, whereas female control

subjects and both groups of men showed
positive correlation coefficients.

ROI Analysis

Two-way analysis of covariance revealed
statistically significant differences be-
tween the sexes according to group and
main effects of group for all structures
except the nucleus accumbens (Fig 6).
Post hoc pairwise comparisons re-
vealed greater GMV in female control
subjects than in women with stimulant

Consecutive axial, sagittal, and coronal sections of a canonical T1-weighted MR imaging exami-
nation of the brain with superimposed population-level T-value map shows significantly greater regional GMV in
female control subjects compared with male control subjects, after correction for age, brain size, and years of
education (P < .001).

dependence in total volumes of each
significant structure (P < .001) but not
between male control subjects and men
with stimulant dependence, which was
consistent with the whole-brain results.
Drug use severity correlated negatively
with GMV in the nucleus accumbens
(Fig 4, right). This correlation was
driven by women with stimulant depen-
dence; a steeper and significant negative
correlation was seen in women (left: r
= —0.364, P = .047; right: r = —0.407,
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P = .031) compared with men (left: r
—0.063, P = .737; right: r = —0.174,
= .349), in whom the correlations

were not significant. No other correla-
tions between drug characteristics or

effects of behavior according to sex and

= group or behavior according to group
P

Figure 4

700

behavioral metrics were significant. No

600 -
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Nucleus Accumbens Volume (voxels)
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o Left (r=-0.268, p = 0.040)
Right (r =-0.319, p = 0.014)
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accumbens defined according to ROI.
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Substance Dependence Symptom Count

Figure 4:  T1-weighted MR imaging brain map (left) including coronal (top) and axial (bottom) section im-
ages shows significantly negative correlations at whole-brain level between stimulant dependence symptom
count and GMV in the bilateral nucleus accumbens in a patient with stimulant dependence. Scatterplot (right)
shows negative correlation between substance dependence symptom count and total volume of nucleus

were significant in ROI structures.

The current finding of significantly
lower GMV in abstinent women with
stimulant dependence compared with
healthy control women is striking for
two reasons: First, no group differ-
ences were observed in men, and sec-
ond, the involved regions in women
were anatomically vast and overlapped
substantially with pathways implicated
in reward, learning, executive control,
and affective processing (3). To our
knowledge, the extent of the wide-
spread anatomic differences between
abstinent men and women with sub-
stance dependence has not been re-
ported. These differences between the
sexes could reflect a greater neuroan-
atomic endophenotype in women that
predisposes them to stimulant depen-
dence or a vulnerability to morphologic
changes that result from stimulant de-
pendence. Decreased GMV in women
with stimulant dependence compared
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Figure 5:

Effects of sex on GMV according to group and behavior. Left, scatterplots show effect of group according to sex on correlation between approach and GMV in bi-

lateral middle frontal gyri (dorsolateral prefrontal cortex). Right, scatterplots show effect of group according to sex on correlation between impulsivity and GMV in left superior
temporal gyrus and left insula. Middle, illustrations show clusters of whole-brain significant differences in group according to sex and impulsivity (red) and group according to
sex and approach (green). BAS = Behavioral Activation System, BIS = Barratt Impulsiveness Scale, Ctr/ = control subject, SD/ = substance dependent individual.
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Table 3

Significant Correlations between Behavior and GMV According to Group and Sex

Montreal Neurological
Institute Coordinates

Cluster Size PValue

Comparison and Structure X y z (voxels) (FWE corrected)
Behavioral activation according to group and
sex, negative correlation
Left middle frontal gyrus -39 26 45 3an <.001
Right middle frontal gyrus 48 12 40 353 <.001
Impulsivity according to group and sex,
negative correlation
Right superior temporal gyrus, rightinsula  —56  —39 6 4475 <.001
Left superior temporal gyrus 68 —24 -9 312 .001
Right superior temporal gyrus —27 -84 -9 1112 .005
Left middle temporal gyrus 46 —42 7 176 .006
Left inferior frontal gyrus =15 -91 -8 79 .016
with female control subjects was most neuroendocrine mechanisms. Behav-

striking in the limbic regions, partic-
ularly the insula, further suggesting a
functional role of these structures in
mediating the clinical phenotype.

We expanded on these structural
results with brain-behavioral correla-
tions. Nucleus accumbens volume was
negatively correlated with the severity
of drug use, consistent with its role in
reward and salience. Authors of pre-
vious studies have shown that ventral
striatal activity, including that in the
nucleus accumbens, correlates with the
intensity of received rewards (38). Per-
sons who are dependent on stimulants
undergo pathologic overstimulation of
this nucleus and may exhibit compen-
satory downregulation of neuronal syn-
apses with reduced dendritic branching,
number of axonal boutons, and degree
of axon myelination leading to reduced
GMV (39,40). The negative relationship
observed in this study between severity
of drug use and the GMV of the nucleus
accumbens was significant in women
but not in men, despite men exhibiting
greater severity of drug use. This result
suggests that women may demonstrate
greater susceptibility to changes in the
severity of drug use, possibly through

ioral approach and impulsivity scores
between the sexes and according to
group correlated significantly with GMV.
Higher behavioral approach and impul-
sivity scores were associated with lower
GMV in women with stimulant depen-
dence. Behavioral approach scores
quantify an individual’s positive affective
and approach response to appetitive
stimuli. Higher approach motivates be-
havior. Impulsivity describes decreased
inhibitory control over potential actions
leading to reward. Authors of a previous
study (6) have reported significant sex
differences in approach and impulsivity
characteristics in persons with stimulant
dependence; however, our study is the
first to report structural neuroanatomic
correlates of these findings. Higher ap-
proach in women with stimulant depen-
dence was correlated with lower GMV
in the bilateral dorsolateral perfrontal
cortex and may reflect a deficit in top-
down control over approach behaviors
toward drug cues. The current struc-
tural and brain-behavioral relationship
differences between the sexes may re-
sult from neuroendocrine factors. For
example, sex and ovarian hormones af-
fect the number, density, and firing rate

of dopaminergic neurons, and women
show enhanced engagement of the dopa-
minergic system during initial exposure
to drugs and exacerbated negative affec-
tive states during drug withdrawal (5).

Few previous studies have been fo-
cused on the investigation of sexual
dimorphism in GMV in patients with
stimulant dependence; in fact, authors
of only two studies reported structural
sex differences in persons with stimulant
dependence: Rando et al (21) and Ta-
nabe et al (20). Consistent with our re-
sults, Rando et al’s (21) findings showed
greater GMV in healthy subjects than in
women with cocaine dependence in the
left inferior frontal gyrus, left insula, left
superior temporal gyrus, right temporo-
occipital cortex, and left hippocampus.
Tanabe et al (20) observed a differen-
tial effect of sex on small regions of the
insula. They reported that women with
stimulant dependence exhibited smaller
insulae compared with those of control
subjects, which was consistent with our
results. However, our results showed
that the differences span nearly the
entire insulae bilaterally. Both of these
studies had modest patient sample siz-
es, with 36 patients in Rando and 28 in
Tanabe. In a meta-analysis, Ersche et al
(2) studied 494 subjects with stimulant
dependence (79% men) and 428 healthy
control subjects (69% men) and report-
ed smaller GMV in those with stimulant
dependence than in control subjects in
the insulae, inferior frontal gyrus, ante-
rior cingulate gyrus, and anterior thala-
mus; however, the authors did not com-
ment on the effect of sex on the results.
Authors of other studies of drug effects
on brain morphometry excluded women
(15-17), which shows the need for pro-
spective studies to investigate the effects
of sex. Here we report significant neu-
roanatomical sexual dimorphism in the
largest prospective sample of patients
with stimulant dependence evaluated ac-
cording to sex and group to date.

The lack of group differences in
men was unexpected. Unlike the re-
sults of our study, Rando et al found
small differences in men, with lower
GMV in a small portion of the pre-
central and midcingulate gyrus in men
with cocaine dependence compared
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Figure 6: Boxplots show total GMV in each subpopulation for each ROI. Top and bottom edges of boxes indicate third and first quartiles, respectively. Lines in

middle of boxes indicate medians. Whiskers above and below boxes indicate 90th and 10th percentiles, respectively. Points above and below whiskers indicate
95th and 5th percentiles, respectively. Pvalues were determined by using two-way analysis of covariance. C = healthy control subjects, SD/ = stimulant-depen-

dent individuals.

with male control subjects. There are
several possible explanations for this
difference, such as recent large alcohol
intake (mean number of drinks in prior
month, 87), short length of abstinence
(mean, 3 weeks), and the inclusion of
significantly older men with cocaine
dependence than control subjects in
the Rando population. Our sample had
much longer abstinence, with a mean of
13.5 months. GMV recovery has been
reported to be associated with sus-
tained abstinence (41). For example,
in the Ersche et al (2) meta-analysis
of 494 subjects with stimulant depen-
dence, only four of the 13 studies in-
cluded subjects who were abstinent for
more than 1 month, with the majority
of studies being investigations of active
users. Thus, authors of most studies
examined acute drug effects. Because
our study included subjects who were
abstinent for at least 60 days, there
may have been a “ceiling” effect. This
hypothesis is consistent with results
from Connolly et al (41), who found

that in men, GMV positively correlated
with early abstinence but tapered at 35
weeks to become equivalent to those
of drug-naive controls. Given the aver-
age 13.5 months of abstinence in our
study, GMV recovery may have already
reached a steady-state in men by the
time of recruitment.

Our current study had several lim-
itations. The first limitation was poly-
substance use (Table 2) in the popu-
lation with stimulant dependence.
Although this precluded us from re-
lating structural changes to a single
drug, our sample had biologic and
ecologic validity because it reflected
an important, real-world, clinical
population of persons with stimulant
dependence. Epidemiologic data show
that stimulant dependence does not
often occur in isolation; instead, most
patients meet dependence criteria for
other substances (42,43). The dif-
ferences in GMV observed were not
due to differences in drug exposure
or symptom severity. Second, our

sample was referred from the justice
system, and we cannot exclude the
possibility that antisocial personal-
ity traits contributed to the findings.
Third, the patients with stimulant
dependence and control subjects dif-
fered in years of education. Although
we performed an analysis of covari-
ance for this confounding variable,
education could have influenced the
observed differences.

Vast neuroanatomic changes ob-
served in abstinent patients with stim-
ulant dependence were present in
women but not in men. In particular,
structures involved in reward, learn-
ing, executive control, and affective
processing pathways were affected: the
insula, orbitofrontal cortex, anterior
cingulate cortex, medial frontal gyrus,
and nucleus accumbens. These changes
correlated with drug use and behavioral
measures and may help to explain dif-
ferences in the clinical course of stim-
ulant dependence in women compared
with that in men.
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