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ABSTRACT

Aim To identify differences in brain morphology between dependent and non-dependent male anabolic–androgenic ste-
roid (AAS) users. Design This study used cross-sectional data from a longitudinal study on male weightlifters.

Participants Oslo University Hospital, Norway. Setting Eighty-one AAS users were divided into two groups; AAS-
dependent (n = 43) and AAS-non-dependent (n = 38).Measurements Neuroanatomical volumes and cerebral cortical
thickness were estimated based on magnetic resonance imaging (MRI) using FreeSurfer. Background and health informa-
tion were obtained using a semi-structured interview. AAS-dependence was evaluated in a standardized clinical interview
using a version of the Structured Clinical Interview for DSM-IV, adapted to apply to AAS-dependence.

Findings Compared with non-dependent users, dependent users had significantly thinner cortex in three clusters of
the right hemisphere and in five clusters of the left hemisphere, including frontal, temporal, parietal and occipital regions.
Profound differences were seen in frontal regions (left pars orbitalis, cluster-wise P< 0.001, right superior frontal, cluster-
wise P < 0.001), as has been observed in other dependencies. Group differences were also seen when excluding
participants with previous or current non-AAS drug abuse (left pre-central, cluster-wise P < 0.001, left pars orbitalis,
cluster-wise P = 0.010). Conclusion Male dependent anabolic–androgenic steroid users appear to have thinner cortex
in widespread regions, specifically in pre-frontal areas involved in inhibitory control and emotional regulation, compared
with non-dependent anabolic–androgenic steroid users.

Keywords Anabolic–androgenic steroids, dependence, addiction, cerebral cortex, cortical thinning, nucleus
accumbens, pre-frontal cortex, neuroimaging.
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INTRODUCTION

Anabolic–androgenic steroids (AAS) are synthetic deriva-
tives of the male sex hormone testosterone, first isolated
and synthesized in the late 1930s. Today AAS use is
considered a major recent form of substance abuse, and is
a growing public health concern throughout the Western
world [1]. The estimated prevalence of AAS use varies
between 1 and 5%, depending on the age group studied
[2,3]. AAS have both androgenic (masculinizing) and ana-
bolic (protein-synthesizing) effects, and is taken in doses
10–100 times greater than the natural male production
of testosterone [4,5]. AAS easily pass the blood–brain
barrier and affect the central nervous system (CNS) [6,7].

Androgen receptors (AR) are widely expressed in the
CNS, not least in regions such as the amygdala, hippocam-
pus, hypothalamus, brain stem and cerebral cortex [8,9].
AAS is commonly administered in cycles of 6–18 weeks
[10], with drug-free periods in between intended to prevent
tolerance towards AAS and allow recovery of natural hor-
monal functioning [11,12]. Many AAS users report that
they experience positive mood, more energy and better
self-confidence while on cure [2,13], whereas withdrawal
symptoms such as depression, irritability, anxiety, fatigue
and insomnia are commonly experienced in drug-free
periods [14]. There seems to be a growing trend to admin-
ister AAS continuously in a pattern referred to as ‘cruise
and blast’ [15,16], where users alternate between periods
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with high and low doses, mainly to avoid withdrawal
symptoms. Long-term use is associated with a wide range
of adverse side effects, both physical [17–20], psychiatric
[1,21] and cognitive [22,23]. The risk of adverse side effects
may increase with the duration of use [10]. Thirty per cent
of AAS users develop a dependence syndrome [24],
characterized by withdrawal symptoms and continued
use despite the experience of adverse effects [5,25].
Dependent AAS users report more intra- and interpersonal
problems compared to non-dependent users, and AAS
dependence is associated with higher levels of aggressive
and antisocial behaviours [26–28].

Although the mechanisms underlying AAS depen-
dence are not fully understood, it seems that AAS have el-
ements in common with other drugs of abuse [29]. The
aetiology of AAS dependence is probably multi-factorial
[5,30,31], implicating body-image, neuroendocrine factors
and hedonicmechanisms. First, obsession with body image
and muscular size may be both a reason for initiating and
continuingAAS use [30,32]. However, recent findings sug-
gest an association between body-image disorder and initi-
ation of AAS, but not with development of dependence
[33]. Secondly, hypothalamic pituitary testicular (HPT)
suppression can lead to fatigue, loss of libido and depres-
sion, and AAS use may be continued in order to alleviate
unpleasant symptoms [30]. Thirdly, the rewarding and
reinforcing effects of AAS may contribute to continuation
of abuse. Although AAS do not produce immediate reward
in the form of acute intoxication [34] there are many
psychological reinforcing effects, such as better self-
confidence and body-image and social unity with peers
[35,36]. In addition, evidence from animal studies supports
a more direct neurobiological reinforcing effect of AAS
[30]. It has been demonstrated that rats and hamsters
self-administer testosterone and AAS [37–39], some even
to the point of death [29]. The rewarding effects of AAS
have also been demonstrated through the conditioned
place preference (CPP) paradigm [40–42].

Long-term exposure to various types of addictive
substances may induce structural changes in the brain
[43–48], and such morphological changes seem to be
important mediators for addictive behaviour [49]. Further-
more, supraphysiological doses of testosterone may have
neurotoxic effects on different cell types, including
neurones [50–52]. Our group and others have recently
shown that long-term AAS use is associated with struc-
tural and functional brain differences, although the direc-
tion of causality could not be determined [53–56]. The
aim of the present study was to explore potential brain cor-
relates of AAS dependence, including measures of regional
brain volume and cortical thickness. In a sample of
weightlifters included in our previous studies, we tested
for differences in brain morphology between dependent
and non-dependent AAS users. To the best of our

knowledge, comparisons of brain structure within the
AAS group have not been conducted before. Based on pre-
vious research andmodels of reward processing and depen-
dency, regions of particular interest included the nucleus
accumbens (NA), implicated in reward processing [57],
and pre-frontal cortex, involved in cognitive functions such
as inhibitory control and emotional regulation [58].

METHODS

Participants

The study participants included previous or current male
AAS users reporting ≥ 1 year of cumulative AAS exposure
(summarizing on-cycle periods). Our sample comprised 81
AAS users, divided into two groups: AAS-dependent
(n = 43) and AAS-non-dependent (n = 38). The sample
partly overlaps with the one described in detail by
Bjørnebekk et al. [53] andWestlye et al. [54]. Prior to partic-
ipation, all participants received a brochure with a descrip-
tion of the study and provided written informed consent.

Ethical approval

The study was approved by the Regional Committees for
Medical and Health Research Ethics South East Norway
(REC) (2013/601), and all research was carried out in ac-
cordance with the Declaration of Helsinki.

Materials and methods

A semi-structured interview was administered in order to
obtain relevant background and health information. The
interview covered motives behind their AAS use, age of on-
set, administration pattern, years of use, length and num-
ber of cycles, side effects, average weekly dosage, where in
the cycle they were at the time of assessment and whether
and when they had ceased using AAS. We calculated total
‘life-time AAS exposure’ as the product of life-time average
weekly dose calculated as mg of testosterone equivalent
and life-time weeks of AAS exposure, in line with previous
studies [26,59,60]. The presence of AAS dependence was
evaluated in a standardized clinical interview by trained
study personnel using a version of the Structured Clinical
Interview for DSM-IV (SCID II) [61], adapted to apply to
AAS dependence [25]. Compared to the standard version,
this version only makes small interpretive changes that
take into account that AAS is not ingested to achieve an
immediate ‘high’ of acute intoxication, and adds explana-
tory information on how the other criteria relate to AAS
abuse. Preliminary analyses suggest adequate psychomet-
ric properties [62]. The presence of previous or current
drug abuse was determined by the drug and the alcohol de-
pendence scales from the Millon Clinical Multiaxial
Inventory–III (MCMI-III), and self-reports on previously
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used substances outside medical use. Participants who ob-
tained a base rate (BR) score of 75 or above on one of the
MCMI-III drug scales (indicating the presence of a clinical
syndrome) fulfilled the criteria of having a ‘previous or cur-
rent non-AAS drug abuse’. If participants obtained BR
scores close to 75 (> 70), then the evaluation was guided
by a self-report questionnaire from the Mini-International
Neuropsychiatric Interview (MINI)-plus psychiatric diag-
nostic interview instrument (version 5.0), (evaluating sub-
stance dependence), and information from drug scales
from the Achenbach System of Empirically Based Assess-
ment (ASEBA), Adult Self-Report (ASR) questionnaire
[63] (past 6 months drug and alcohol use). Measures of be-
havioural, emotional and social problems was obtained
from selected syndrome scales from the ASEBA, ASR
questionnaire [63]. The intelligence quotient (IQ) was
estimated using the vocabulary and the matrix reasoning
subtests from the Wechsler Abbreviated Scale of Intelli-
gence (WASI) [64].

Image acquisition and analysis

Magnetic resonance imaging (MRI) data were obtained on
a Siemens Skyra 3 T scanner equipped with a 24-channel
head coil. Structural MRI data was acquired with a T1-
weighted 3D magnetization-prepared rapid gradient-echo
(MPRAGE) sequence with the following parameters:
repetition time = 2300ms; echo time = 2.98ms; inversion
time = 850 ms; flip angle = 8°; bandwith = 240 HZ/pixel;
field of view = 256 mm; voxel size = 1.0 × 1.0 × 1.0 mm;
176 slices sagittally orientated; acquisition time = 9:50.
Scan quality was consecutively inspected during the scan-
ning session and re-run in cases of movement to ensure
good quality. All data sets were automatically processed
and analysed using FreeSurfer (version 5,3; http://surfer.
nmr.mgh.harvard.edu), which is described in detail else-
where [65,66]. The cortical surface was reconstructed
for each subject to measure both surface area and thick-
ness at each surface location or vertex. The individual
thickness maps were smoothed using a Gaussian kernel
of 15mm. Subcortical volumes were obtained from the au-
tomatic volume segmentation procedure [67,68] and,
based on previous findings and current brain-basedmodels
of drug dependence, we selected a limited number of re-
gions of interest. The selection was performed before the
statistical tests were conducted, and included the
accumbens area, caudate, putamen, amygdala and
hippocampus. Total grey matter was used as a global
measure in addition to estimated intracranial volume
(ICV), which was computed and included in the volumetric
analyses. All reconstructed data sets were visually
inspected. The quality of the spatial registration and tissue
segmentations was considered to be of sufficiently good

quality to avoid manual editing, thus ensuring that we will
have no impact on the data.

Statistical analyses

Comparisons of demographic data between the depen-
dent and non-dependent users were performed using
the two-tailed independent sample t-test for continuous
data and χ2 tests for categorical data. Differences
between the groups were considered significant at
P < 0.05. We used multivariate analysis of covariance
(MANCOVA) to test for differences in neuroanatomical
volumes, with regional brain volumes as dependent
variable, group as the independent variable and age
and intracranial volume (ICV) included as continuous
covariates. Preliminary assumption testing was con-
ducted, with no serious violations noted. We corrected
for multiple comparisons using Bonferroni correction
for correlated measures [63], where the correlation be-
tween the dependent variables is taken into account,
αoriginal0.5/6 dependent variables with a Pearson’s
r = 0.41 yielded Padjusted = 0.017. For cortical thickness,
we fitted a general linear model (GLM) at each vertex using
thickness as the dependent variable, group as the indepen-
dent variable and age as covariate. In an attempt to adjust
for other substance abuse, we conducted exploratory anal-
yses where we omitted participants classified as having
‘previous or current non-AAS drug abuse’. Furthermore,
in an attempt to distinguish pre-morbid vulnerability from
exposure effects of AAS and other drugs of abuse, we re-ran
the main analysis, including measures of weekly reported
alcohol consumption, use of illegal drugs (besides AAS)
and life-time AAS exposure as additional covariates in the
model. To reduce the probability of type I errors, we per-
formed cluster-size correction for multiple comparisons
using Z Monte Carlo simulations with 5000 iterations, as
implemented in FreeSurfer [69,70]. A cluster-forming
threshold of P < 0.05 (two-sided) was applied.

RESULTS

Demographics and user characteristics

Demographic and other clinical data can be found in
Table 1. There were no significant differences between
the groups in age, education, IQ, height, weight or body
mass index (BMI). The groups had approximately the same
alcohol consumption, on average,< 2 units per week. Both
groups initiated the AAS use in their early 20s. There was
a trend to higher weekly intake of AAS (mg/week) by the
dependent group, albeit not reaching statistical significant
level. The dependent group had used AAS for more years
[mean = 10.3, standard deviation (SD) = 5.6] than the
non-dependent (mean = 7.7, SD = 5.1) group (t(79) =
�2.19, P = 0.031, d = 0.60).
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Self-reported side effects and psychological screening

The dependent AAS users reported significantly more side
effects compared to the non-dependent users; see Tables 1
and 2. The majority of the dependent AAS users reported
some physical (93%, n = 40), psychological (90.7%,
n = 39) and cognitive (65.1%, n = 28) side effects of
AAS. The dependent group also scored significantly higher
on anxiety/depression syndrome (t(67) = �2.13,
P = 0.037, d = 0.49), attention problems (t(66) = �2.14,
P = 0.036, d = 0.54), aggressive behaviour (t(66) =
�3.04, P = 0.003, d = 0.82) and total problems (t(63) =
�2.68, P = 0.010, d = 0.69). Of the dependent AAS
users 48.9%, n = 21 had a previous or current drug
abuse compared to 28.9%, n = 11 of the non-dependent
users, but the difference was not statistically significant
χ2(1) = 3.34, P = 0.068, odds ratio (OR) = 2.34. More cases
of psychopharmaca use were seen in the dependent group,
where antidepressants were the most frequently prescribed

drug. However, themajority of both the dependent (62.8%,
n = 27) and non-dependent (78.9%, n = 30) group
had never been prescribed psychotrophic medications of
any kind.

Neuroanatomical volumes and cortical thickness

Neuroanatomical volumes in each group are presented in
Table 3. There were no statistically significant differences
between the groups in total grey matter volume, putamen,
caudate, hippocampus or amygdala. The only difference
reaching nominal statistical significance was NA volume
(F(1, 77) = 5.23, P = 0.025, ƞ2

p = 0.06), but the effect did
not survive the Bonferroni correction (adjusted alpha level
of 0.017), thus we did not conduct further between-group
analyses.

Table 4 and Fig. 1 show results from the corrected GLM
analyses comparing cortical thickness between the
dependent and non-dependent groups. The main analysis

Table 1 Demographics and other clinical characteristics.

Dependent (n = 43) Non-dependent (n = 38)

t P-value dAttribute Mean (SD) Mean (SD)

Age (years) 32.77 (8.02) 33.22 (8.56) 0.35 0.724 0.13
Education (years) 13.83 (2.24) 14.59 (2.77) 1.35 0.180 0.50
WASI vocabulary T 50.00 (8.79) 52.21 (8.67) 1.16 0.251 0.25
WASI matrix reasoning T 52.74 (9.03) 56.00 (6.81) 1.81 0.074 0.52
Alcohol units per week 1.77 (3.86) 1.61 (2.34) –0.25 0.823 0
Height (cm) 181.21 (7.56) 180.15 (6.08) –0.69 0.493 0.15
Weight (kg) 99.52 (14.66) 94.22 (12.61) –1.73 0.084 0.38
BMI 30.14 (4.50) 29.04 (3.67) –1.19 0.236 0.28
Estimated weekly AAS dose 1376.9 (872.7) 1009.9 (807.4) –1.93 0.058 0.43
Total years of AAS use 10.32 (5.57) 7.70 (5.13) –2.19 0.031* 0.60
AAS debut age 20.89 (6.63) 22.89 (5.75) 1.46 0.147 0.36
Anxious/depressed T 58.62 (9.93) 54.25 (7.01) –2.13 0.037* 0.49
Attention problems T 58.42 (6.61) 55.34 (5.01) –2.14 0.036* 0.54
Drug use T 60.34 (15.34) 54.63 (8.36) –1.92 0.061 0.49
Alcohol consumption T 57.89 (6.94) 58.09 (7.74) 0.11 0.909 0.15
Aggressive behaviour T 58.62 (7.85) 53.58 (5.28) –3.04 0.003* 0.82
Total problems raw score 45.12 (27.33) 29.52 (18.35) –2.68 0.010* 0.69

n (%) n (%) χ2 OR
Physical side effects of AAS 40 (93) 29 (76.3) 4.46 0.035* 40.14
Psychological side effects of AAS 39 (90.7) 22 (57.9) 11.67 0.001* 70.09
Cognitive side effects of AAS 28 (65.1) 9 (23.7) 14.83 0.001* 60.48
Previous or current non-AAS drug abuse 21 (48.8) 11 (28.9) 3.34 0.068 20.34
Cigarette smoker 9 (20.9) 6 (16.2) 0.290 0.590 00.73
Psychopharmaca (previous or current)
Antidepressants 7 (16.6) 4 (10.6)
Anxiolytics 5 (11.9) 3 (7.9)
Opioids 4 (9.3) 0 (0)
> 1 type 3 (7) 0 (0)
None reported 27 (62.8) 30 (78.9)

AAS = anabolic–androgenic steroid; T = T score; BMI = body mass index; WASI = Wechsler Abbreviated Scale of Intelligence; SD = standard deviation;
OR = odds ratio. *Significant difference between the groups.
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showed that dependent AAS users had significantly thin-
ner cortex in five clusters of the left hemisphere and tree
clusters of the right hemisphere, covering frontal, tempo-
ral, parietal and occipital regions. Table 4 and Fig. 2 show
the results after adjusting for drug, alcohol and AAS expo-
sure, where significantly thinner cortex was observed in
theAAS-dependent group in a pre-central cluster of the left
hemisphere and in lateral occipital regions of the right
hemisphere. When omitting participants classified as

having ‘previous or current non-AAS drug abuse’ from
the analyses, significant effects remained in pre-central
and pre-frontal regions in the left hemisphere.

DISCUSSION

Using neuroimaging, we have demonstrated structural
brain differences between dependent and non-dependent
AAS users. The dependent AAS users had thinner

Table 2 Self-reported side effects in relation to AAS use.

Dependent (n = 43) Non-dependent (n = 38)

χ2 P-value ORPsychological n % n %

Depression 27 62.9 14 36.8 5.43 0.020* 2.89
Fatigue 29 67.4 13 34.2 80.92 0.003* 30.98
Anxiety 9 20.1 0 0.0 80.95 0.003* –

Aggression 28 65.1 10 26.3 120.19 < 0.001* 50.23
Short fuse 24 55.8 12 31.6 40.78 0.028* 20.74
Mood swings 21 48.8 11 28.9 30.34 0.068 20.34
Sleep problems 26 60.5 12 31.6 60.76 0.009* 30.31
Reduced appetite 21 48.8 4 10.5 130.88 < 0.001 80.11
Medical
Kidney-related issues 11 25.6 6 15.8 10.17 0.280 10.8
Liver-related issues 20 46.5 7 18.4 70.16 0.007* 30.85
Cholesterol 11 26.6 9 23.7 0.039 0.843 10.11
Blood pressure 23 53.5 11 28.9 40.99 0.026* 20.82
Acne 23 53.5 22 57.9 0.159 0.690 00.84
Cardiomyopathy or arterial fibrillation 11 25.6 10 26.3 0.006 0.940 00.96
Neuroendocrine
Reduced sex drive 35 81.4 23 60.5 40.32 0.038* 20.85
Sexual dysfunction 25 58.1 13 34.2 40.64 0.031* 20.67
Gynaecomastia 17 39.5 12 31.6 0.556 0.456 10.42
Cognitive
Memory problems 22 51.2 6 15.8 110.16 0.001* 50.59

*Significant difference between the groups. AAS =

Table 3 Group differences in brain volumes between dependent and non-dependent AAS users.

Non-dependent (n = 38) Dependent (n = 43)
d.
f. F P-value ƞ2

pMean SD Mean SD

Total grey matter 681 088.81 59727.67 678 140.33 53970.07 3 0.88 0.352 0.011
Caudate 7849.43 911.20 8155.68 1 012.01 3 2.09 0.152 0.026
Putamen 12861.14 1517.79 12768.52 1 468.95 3 0.40 0.530 0.005
Hippocampus 9287.49 893.31 9298.32 904.85 3 0.02 0.888 0.000
Amygdala 4023.38 548.79 4019.15 450.60 3 0.03 0.857 0.000
Accumbens 1478.93 269.53 1597.93 193.69 3 5.23 0.025* 0.064

Values are mm
3
. *Significant difference between the groups at a nominal level (P< 0.05). Multivariate analysis of variance with regional volumes as depen-

dent values, group as the independent variable and age and intracranial volume (ICV) as continuous covariates. AAS = anabolic–androgenic steroid.
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cortex in widespread regions, specifically in pre-frontal
regions. Additionally, they reported more side effects
and intra- and interpersonal issues. Potential implica-
tions of the results are discussed below.

Structural brain differences between dependent and
non-dependent AAS users

AAS users who fulfilled the criteria for AAS-dependence
had significantly thinner cortex in frontal, temporal,

parietal, occipital and pre-frontal regions compared to
non-dependent users. There was a non-significant trend
of higher consumption of illegal drugs in the dependent
group, and it could be argued that the observed differences
in brain morphology could be related to non-AAS drug ex-
posure effects, or potentially the combined effects of AAS
and other substances of abuse. When excluding partici-
pants with ‘previous or current non-AAS drug abuse’
fewer cortical group differences were seen, due possibly to
reduced sample size and reduction in power. The findings

Table 4 Group differences in cortical thickness between dependent and non-dependent AAS users.

Cortex area
Cluster
size (mm2)

Talairach coordinates

X Y Z

All included (n = 71) CWP
Left pars orbitalis 2628.07 �39.9 38.9 �12.3 0.00030
Left middle temporal 2063.62 �55.4 �11.8 �25.6 0.00400
Left lingual 2551.14 �17.9 �55.4 �7.1 0.00060
Left caudal middle frontal 1467.06 �39.4 5.7 47.2 0.03650
Left supramarginal 2136.22 �55.1 �42.4 44.1 0.00300
Right cuneus 2494.42 8.6 �76.5 24.8 0.00050
Right superior frontal 2928.09 12.2 48.2 0.6 0.00020
Right lingual 1807.09 10.8 �61.4 �1.4 0.01050
Excluding non-AAS drug abuse (n = 49)
Left pre-central 2952.09 �37.5 �14.7 38.5 0.00030
Left pars orbitalis 1849.65 �38.4 37.6 �11.1 0.00980
Alcohol, drugs and life-time AAS exposure (n = 66)
Left pre-central 1698.81 �32.9 �9.5 48.2 0.01510
Right lateral occipital 1795.22 12.8 �100.7 9.8 0.01110

The cortical area, the size of the significant cluster, Talairach coordinates corresponding to the most significant vertex within each cluster, and clusterwise P-
values (CWPs) are shown. All findings are in the direction of thinner cortices in the AAS (anabolic–androgenic steroid)-dependent group.

Figure 1 Vertex-wise comparisons of cortical thickness between the dependent and non-dependent anabolic–androgenic steroid (AAS) group.
Shades of blue indicate clusters with thinner cortices in the dependent AAS group.No effects were seen in the opposite direction (i.e. thicker cortices).
[Colour figure can be viewed at wileyonlinelibrary.com]
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of thinner cortex in clusters covering pre-central and pre-
frontal regions of the left hemisphere remained significant,
and could potentially comprise brain correlates of AAS de-
pendence. AAS dependents had larger NA volume com-
pared to the non-dependents, but the effect did not
survive Bonferroni correction. Enlargement of NA and
thinner cortex in regions involved in inhibitory control
has been reported in other dependencies [43,48,71]. The
underlyingmechanisms are not fully understood, although
individual differences in both impulsivity [72–74] and
vulnerability to the reinforcing effects of drugs [75,76]
seem to influence drug-seeking behaviour and the develop-
ment of dependence.

Pre-frontal regions and dependence

Pre-frontal cortex is associated with numerous cognitive
functions, such as self-regulation, mental flexibility, atten-
tion and inhibition [58]. Studies show that different types
of substance dependency are associated with lower grey
matter volume, particularly in frontal and pre-frontal
regions [43,47,48]. In accordance with this, our results
demonstrated that dependent AAS users had significantly
thinner cortex in pre-frontal regions. The largest cluster
covered orbitofrontal cortex (OFC), a region considered to
play an important role in addiction [77], especially related
to inhibitory control and regulation [78–80]. OFC dysfunc-
tion has been associated with aggression and violent
behaviour [81], drug addiction [80,82] and obsessive–
compulsive disorder [83–85], where compulsive behaviour
and the lack of inhibitory control is a common denomina-
tor [79]. Impaired inhibitory control and cognitive flexibil-
ity could serve as an explanation for the maladaptive
behaviour of continued drug use, despite adverse side

effects that characterize dependencies [79]. In accordance
with, this we found that the vast majority of the dependent
AAS users reported physical, psychological and cognitive
side effects of the AAS, and continued use despite adverse
effects. Additionally, AAS dependents scored higher on
aggressive behaviour, which is in line with previous reports
[26,33,86], and could be related to OFC dysfunction. It has
been demonstrated that testosterone can impair abilities
dependent on OFC such as behavioural flexibility [87],
and it has been hypothesized that testosterone increases
the propensity towards aggression through reduction in
OFC activity [88].

High-dose AAS use is associated with various adverse
medical side effects, including hypogonadism and cardio-
vascular effects, with possible secondary effects on brain
function [89–91]. Furthermore, it has been demon-
strated that supraphysiological doses of testosterone can
have neurotoxic effects on different cell types, including
neurones [50–52]. Although the mechanisms of the
proposed AAS-induced neurotoxity are unclear, it is
possible that prolonged AAS exposure is associated with
a risk of progressive deterioration of brain tissue [53].
The dependent group had used AAS for more years
and it is possible that parts of the observed difference
could be due to AAS-related cerebral thinning, similar
to what has been suggested with other substance depen-
dencies, specifically alcohol dependence [47,48]. The
orbitofrontal effects are of interest, as they could poten-
tially reflect differences in the brain associated with
prolonged AAS exposure, and comprise a potential cor-
relate of the transition from first use to addiction. Group
differences were still seen in pre-central and lateral oc-
cipital regions after controlling for life-time AAS expo-
sure, drug and alcohol use, and may hypothetically

Figure 2 Vertex-wise comparisons of cortical thickness between the dependent and non-dependent anabolic–androgenic steroid (AAS) group
controlled for potential confounding variables. Shades of blue indicate clusters with thinner cortices in the dependent AAS group. No effects were
seen in the opposite direction (i.e. thicker cortices). [Colour figure can be viewed at wileyonlinelibrary.com]
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reflect pre-existing characteristics. Although we adjusted
for confounding variables it is important to note that
confounding may still exist, e.g. through clinical features
not assessed as part of this project or through
interactions between clinical variables.

Symptom load and brain correlates

The dependent group reported significantly more side
effects from AAS use. This was especially evident for psy-
chological and cognitive domains, such as depression and
memory problems. There is substantial evidence that sub-
stance use disorders and psychiatric disorders frequently
co-occur [92,93], probably involving common pre-morbid
neurobiological vulnerability [94,95]. Although not possi-
ble to test with cross-sectional data, it could be that the
higher prevalence of adverse effects in the AAS-dependent
individuals is related to the observed differences in cortical
thickness. For instance, more dependent AAS users report
depression as a side effect, and they also scored significantly
higher on the depression syndrome scale. Some of the
clusters with thinner cortex seen in dependent users, e.g.
orbitofrontal, rostral anterior cingulate, pre-central,
inferior and medial temporal and lingual regions, have also
been also associated with depression [96–98] and
combined anxiety and depression [99]. Moreover, depen-
dent AAS users reported more memory problems as a side
effect. Cortical thickness and memory performance are
linked in healthy and pathological ageing [100–102],
and observed thinner cortex in these regions may be
associated with more self-reported memory problems in
AAS-dependent participants.

Limitations

Some limitations should be considered when interpreting
the results of the present study. First, the cross-sectional
retrospective design does not allow claims regarding
causality. We cannot know to what degree the observed
differences in brain structure and psychological symptoms
were present prior to AAS initiation, or caused by high-
dose long-term AAS use. However, the two alternatives
are not mutually exclusive. Hypothetically, an underlying
vulnerability poses a risk for initiation of use, followed by
brain structural alterations after prolonged use which, in
turn, could increase sensitivity and potentially trigger
further use. Secondly, AAS use is associated with a number
of health risks, including cardiovascular changes [17,20]
that can themselves affect the brain, and we did not have
the possibility to control for this. However, such risks may
not be confined to AAS dependency, but may be associated
to a greater extent with life-time AAS exposure, which was
controlled for. Thirdly, this was a structural MRI study,
where we make theoretical speculations on how structural

alterations affect the function of the neural circuits; how-
ever, further research is needed to explore the functional
correlates.

CONCLUSION

Our analysis revealed structural brain differences between
dependent and non-dependent AAS users. Specifically,
the dependent group showed thinner cortex in pre-frontal
regions involved in inhibitory control and emotional
regulation. This is in accordance with the proposed addic-
tive properties of AAS and poses a potential explanation to
why some users progress from innocent initial use to
hazardous use and dependence. Increased awareness of
neurobiological correlates of AAS dependence could have
important implications for preventive work and personal-
ized interdisciplinary treatment.

Declaration of interests

None.

Acknowledgements

This research was funded by grants 2013087 and
2016049 (Dr Bjørnebekk) from the South-Eastern Norway
Regional Health Authority, and internal research grants
from the Division on Mental Health and Addiction (Dr
Bjørnebekk).

References

1. Kanayama G., Hudson J. I., Pope H. G. Long-term psychiatric
and medical consequences of anabolic–androgenic steroid
abuse: a looming public health concern?Drug Alcohol Depend
2008; 98: 1–12.

2. Thiblin I., Petersson A. Pharmacoepidemiology of anabolic
androgenic steroids: a review. Fundam Clin Pharmacol
2005; 19: 27–44.

3. Pope H. G., Kanayama G., Athey A., Ryan E., Hudson J. I.,
Baggish A. The lifetime prevalence of anabolic–androgenic
steroid use and dependence in Americans: current best esti-
mates. Am J Addict 2014; 23: 371–7.

4. Pagonis T. A., Angelopoulos N. V., Koukoulis G. N.,
Hadjichristodoulou C. S. Psychiatric side effects induced by
supraphysiological doses of combinations of anabolic steroids
correlate to the severity of abuse. Eur Psychiatry 2006; 21:
551–62.

5. Brower K. J. Anabolic steroid abuse and dependence. Curr
Psychiatry Rep 2002; 4: 377–87.

6. BanksW. A. Brain meets body: the blood–brain barrier as an
endocrine interface. Endocrinology 2012; 153: 4111–9.

7. Jänne O. A., Palvimo J. J., Kallio P., Mehto M. Androgen re-
ceptor and mechanism of androgen action. Ann Med 1993;
25: 83–9.

8. Simerly R., Swanson L., Chang C., Muramatsu M. Distribu-
tion of androgen and estrogen receptor mRNA-containing
cells in the rat brain: an in situ hybridization study. J Comp
Neurol 1990; 294: 76–95.

1412 Lisa E. Hauger et al.

© 2019 The Authors. Addiction published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction Addiction, 114, 1405–1415



9. Kritzer M. The distribution of immunoreactivity for intracel-
lular androgen receptors in the cerebral cortex of
hormonally intact adult male and female rats: localization
in pyramidal neurons making corticocortical connections.
Cereb Cortex 2004; 14: 268–80.

10. Pope H. G. Jr., Wood R. I., Rogol A., Nyberg F., Bowers L.,
Bhasin S. Adverse health consequences of performance-
enhancing drugs: an Endocrine Society scientific statement.
Endocr Rev 2013; 35: 341–75.

11. Grönbladh A., Nylander E., Hallberg M. The neurobiology
and addiction potential of anabolic androgenic steroids and
the effects of growth hormone. Brain Res Bull 2016; 126:
127–37.

12. Reyes-Fuentes A., Veldhuis J. D. Neuroendocrine physiology
of the normalmale gonadal axis. EndocrinolMetab Clin North
Am 1993; 22: 93–124.

13. Bahrke M. S., Yesalis C. E., Wright J. E. Psychological and
behavioural effects of endogenous testosterone levels and
anabolic–androgenic steroids among males. Sports Med
1990; 10: 303–37.

14. Maravelias C., Dona A., Stefanidou M., Spiliopoulou C.
Adverse effects of anabolic steroids in athletes: a constant
threat. Toxicol Lett 2005; 158: 167–75.

15. Chandler M, McVeigh J. Steroids and Image Enhancing
Drugs 2013 Survey Results. Liverpool: LJMU Centre for
Public Health; 2014.

16. Sagoe D., McVeigh J., Bjørnebekk A., Essilfie M.-S.,
Andreassen C. S., Pallesen S. Polypharmacy among
anabolic–androgenic steroid users: a descriptive metasy-
nthesis. Subst Abuse Treat Prev Policy 2015; 10: 12.

17. Rockhold R. Cardiovascular toxicity of anabolic steroids.
Annu Rev Pharmacol Toxicol 1993; 33: 497–520.

18. Narducci W. A., Wagner J. C., Hendrickson T. P., Jeffrey T.
P. Anabolic steroids—a review of the clinical toxicology
and diagnostic screening. J Toxicol Clin Toxicol 1990; 28:
287–310.

19. Oskui P. M., French W. J., Herring M. J., Mayeda G. S.,
Burstein S., Kloner R. A. Testosterone and the cardiovascu-
lar system: a comprehensive review of the clinical
literature. J Am Heart Assoc 2013; 2: e000272.

20. Baggish A. L., Weiner R. B., Kanayama G., Hudson J. I., Lu
M. T., Hoffmann U. et al. Cardiovascular toxicity of illicit
anabolic–androgenic steroid use. Circulation 2017; 135:
1991–2002.

21. Oberlander J. G., Henderson L. P. The Sturm und Drang of
anabolic steroid use: angst, anxiety, and aggression. Trends
Neurosci 2012; 35: 382–92.

22. Kanayama G., Kean J., Hudson J. I., Pope H. G. Cognitive
deficits in long-term anabolic–androgenic steroid users.Drug
Alcohol Depend 2013; 130: 208–14.

23. Bjørnebekk A., Westlye L. T., Walhovd K. B., Jørstad M. L.,
Sundseth Ø. Ø., Fjell A. M. Cognitive performance and struc-
tural brain correlates in long-term anabolic-androgenic
steroid exposed and nonexposed weightlifters. Neuropsychol-
ogy 2019; xx: xx–yy. https://doi.org/10.1037/neu0000537

24. Kanayama G., Brower K. J., Wood R. I., Hudson J. I., Pope H.
G. Jr. Anabolic–androgenic steroid dependence: an emerging
disorder. Addiction 2009; 104: 1966–78.

25. Kanayama G., Brower K. J., Wood R. I., Hudson J. I., Pope M.
Jr., Harrison G. Issues for DSM-V: clarifying the diagnostic
criteria for anabolic–androgenic steroid dependence. Am
Psychiatric Assoc 2009; 166: 642–5.

26. Kanayama G., Hudson J. I., Pope H. G. Features of men with
anabolic–androgenic steroid dependence: a comparison

with nondependent AAS users and with AAS nonusers.
Drug Alcohol Depend 2009; 102: 130–7.

27. Copeland J., Peters R., Dillon P. A study of 100 anabolic–
androgenic steroid users. Med J Aust 1998; 168: 311–2.

28. Copeland J., Peters R., Dillon P. Anabolic–androgenic
steroid use disorders among a sample of Australian com-
petitive and recreational users. Drug Alcohol Depend 2000;
60: 91–6.

29. Wood R. I. Anabolic–androgenic steroid dependence?
Insights from animals and humans. Front Neuroendocrinol
2008; 29: 490–506.

30. Kanayama G., Brower K. J., Wood R. I., Hudson J. I., Pope H.
G. Treatment of anabolic–androgenic steroid dependence:
emerging evidence and its implications. Drug Alcohol Depend
2010; 109: 6–13.

31. Hildebrandt T., Yehuda R., Alfano L. What can allostasis tell
us about anabolic–androgenic steroid addiction? Dev
Psychopathol 2011; 23: 907–19.

32. Pope H. G., Gruber A. J., Choi P., Olivardia R., Phillips K. A.
Muscle dysmorphia: an underrecognized form of body
dysmorphic disorder. Psychosomatics 1997; 38: 548–57.

33. Kanayama G., Pope H. G., Hudson J. I. Associations of
anabolic–androgenic steroid use with other behavioral
disorders: an analysis using directed acyclic graphs. Psychol
Med 2019; 48: 2601–8.

34. Hildebrandt T., Heywood A., Wesley D., Schulz K. Defining
the construct of synthetic androgen intoxication: an
application of general brain arousal. Front Psychol 2018;
9: 390.

35. Kanayama G., Hudson J. I., Pope H. G. Illicit anabolic–
androgenic steroid use. Horm Behav 2010; 58: 111–21.

36. Maycock B. R., Howat P. Social capital: implications from an
investigation of illegal anabolic steroid networks.Health Educ
Res 2007; 22: 854–63.

37. Triemstra J. L.,WoodR. I. Testosterone self-administration in
female hamsters. Behav Brain Res 2004; 154: 221–9.

38. DiMeo A. N., Wood R. I. Self-administration of estrogen and
dihydrotestosterone in male hamsters. Horm Behav 2006;
49: 519–26.

39. Wood R. I., Johnson L. R., Chu L., Schad C., Self D. W.
Testosterone reinforcement: intravenous and intracerebro-
ventricular self-administration in male rats and hamsters.
Psychopharmacology (Berl) 2004; 171: 298–305.

40. Frye C., Rhodes M., Rosellini R., Svare B. The nucleus
accumbens as a site of action for rewarding properties of
testosterone and its 5α-reduced metabolites. Pharmacol
Biochem Behav 2002; 74: 119–27.

41. Alexander G. M., Packard M. G., Hines M. Testosterone has
rewarding affective properties in male rats: implications for
the biological basis of sexual motivation. Behav Neurosci
1994; 108: 424–8.

42. Arnedo M., Salvador A., Martinez-Sanchis S., Gonzalez-
Bono E. Rewarding properties of testosterone in intact male
mice: a pilot study. Pharmacol Biochem Behav 2000; 65:
327–32.

43. Ersche K. D., Williams G. B., Robbins T. W., Bullmore E. T.
Meta-analysis of structural brain abnormalities associated
with stimulant drug dependence and neuroimaging of ad-
diction vulnerability and resilience. Curr Opin Neurobiol
2013; 23: 615–24.

44. Robinson T. E., Kolb B. Persistent structural modifications in
nucleus accumbens and pre-frontal cortex neurons pro-
duced by previous experience with amphetamine. J
Neurosci 1997; 17: 8491–7.

Brain correlates of steroid dependence 1413

© 2019 The Authors. Addiction published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction Addiction, 114, 1405–1415

https://doi.org/10.1037/neu0000537


45. Robinson T. E., Kolb B. Alterations in the morphology of
dendrites and dendritic spines in the nucleus accumbens
and pre-frontal cortex following repeated treatment with
amphetamine or cocaine. Eur J Neurosci 1999; 11:
1598–604.

46. Sklair-Tavron L., Shi W.-X., Lane S. B., Harris H. W., Bunney
B. S., Nestler E. J. Chronic morphine induces visible changes
in the morphology of mesolimbic dopamine neurons. Proc
Natl Acad Sci 1996; 93: 11202–7.

47. Mackey S., Allgaier N., Chaarani B., Spechler P., Orr C., Bunn
J. et al. Mega-analysis of graymatter volume in substance de-
pendence: general and substance-specific regional effects.
Am J Psychiatry 2018; 176: 119–28.

48. Fortier C. B., Leritz E. C., Salat D. H., Venne J. R.,
Maksimovskiy A. L.,Williams V. et al. Reduced cortical thick-
ness in abstinent alcoholics and association with alcoholic
behavior. Alcohol Clin Exp Res 2011; 35: 2193–201.

49. Russo S. J., Dietz D. M., Dumitriu D., Morrison J. H., Malenka
R. C., Nestler E. J. The addicted synapse: mechanisms of syn-
aptic and structural plasticity in nucleus accumbens. Trends
Neurosci 2010; 33: 267–76.

50. Basile J. R., Binmadi N. O., Zhou H., Yang Y., Paoli A., Proia P.
Supraphysiological doses of performance enhancing
anabolic–androgenic steroids exert direct toxic effects on
neuron-like cells. Front Cell Neurosci 2013; 7: 69.

51. Estrada M., Varshney A., Ehrlich B. E. Elevated testosterone
induces apoptosis in neuronal cells. J Biol Chem 2006; 281:
25492–501.

52. Orlando R., Caruso A., Molinaro G., Motolese M.,
Matrisciano F., Togna G. et al. Nanomolar concentrations
of anabolic–androgenic steroids amplify excitotoxic neuronal
death in mixed mouse cortical cultures. Brain Res 2007;
1165: 21–9.

53. Bjørnebekk A., Walhovd K. B., Jørstad M. L., Due-Tønnessen
P., Hullstein I. R., Fjell A. M. Structural brain imaging of
long-term anabolic-androgenic steroid users and nonusing
weightlifters. Biol Psychiatry 2017; 82: 294–302.

54. Westlye, Kaufmann T., Alnæs D., Hullstein I. R., Bjørnebekk
A. Brain connectivity aberrations in anabolic–androgenic
steroid users. Neuroimage Clin 2017; 13: 62–9.

55. Kaufman M. J., Janes A. C., Hudson J. I., Brennan B. P.,
Kanayama G., Kerrigan A. R. et al. Brain and cognition ab-
normalities in long-term anabolic–androgenic steroid
users. Drug Alcohol Depend 2015; 152: 47–56.

56. Seitz J., Lyall A. E., Kanayama G., Makris N., Hudson J. I.,
Kubicki M. et al. White matter abnormalities in long-term
anabolic–androgenic steroid users: a pilot study. Psychiatry
Res Neuroimaging 2017; 260: 1–5.

57. Olsen C. M. Natural rewards, neuroplasticity, and non-drug
addictions. Neuropharmacology 2011; 61: 1109–22.

58. Miller E. K., Cohen J. D. An integrative theory of pre-frontal
cortex function. Annu Rev Neurosci 2001; 24: 167–202.

59. Pope H. G. Jr. Anabolic–androgenic steroid use. Arch Gen
Psychiatry 1994; 51: 375–82.

60. Pope H., Katz D. Psychiatric effects of exogenous anabolic–
androgenic steroids. In: Wolkowitz O. M., Rothschild A. J.,
editors. Psychoneuroendocrinology: The Scientific Basis of Clini-
cal Practice. Washington, DC: American Psychiatric Press;
2003, pp. 331–58.

61. First M. B., Spitzer R. L., Gibbon M., Williams J. Clinical Inter-
view for DSM-IVAxis I Disorders, Clinician Version (SCID-CV).
Washington, DC: American Psychiatric Press; 1996.

62. Pope H. G. Jr., Kean J., Nash A., Kanayama G., Samuel D. B.,
Bickel W. K. et al. A diagnostic interview module for

anabolic–androgenic steroid dependence: preliminary evi-
dence of reliability and validity. Exp Clin Psychopharmacol
2010; 18: 203–13.

63. Achenbach T. M., Rescorla L. A. Manual for the ASEBA
Adult Forms and Profiles. Burlington, VT: University of
Vermont, Research Center for Children, Youth, and Fami-
lies; 2003.

64. Wechsler D. Manual for the Wechsler Abbreviated Intelligence
Scale (WASI). San Antonio, TX: The Psychological Corpora-
tion; 1999.

65. Fischl B., Dale A. M. Measuring the thickness of the human
cerebral cortex from magnetic resonance images. Proc Natl
Acad Sci 2000; 97: 11050–5.

66. Ségonne F., Grimson W. E. L., Fischl B. A genetic algorithm
for the topology correction of cortical surfaces. Inf Process
Med Imaging 2005; 19: 393–405.

67. Fischl B., Salat D. H., Busa E., Albert M., Dieterich M.,
Haselgrove C. et al. Whole brain segmentation: automated
labeling of neuroanatomical structures in the human brain.
Neuron 2002; 33: 341–55.

68. Fischl B., Van Der Kouwe A., Destrieux C., Halgren E.,
Ségonne F., Salat D. H. et al. Automatically parcellating the
human cerebral cortex. Cereb Cortex 2004; 14: 11–22.

69. Hagler D. J. Jr., SayginA. P., SerenoM. I. Smoothingand clus-
ter thresholding for cortical surface-based group analysis of
fMRI data. Neuroimage 2006; 33: 1093–103.

70. Hayasaka S., Nichols T. E. Validating cluster size inference:
random field and permutation methods. Neuroimage 2003;
20: 2343–56.

71. Gilman J. M., Kuster J. K., Lee S., Lee M. J., Kim B.W., Makris
N. et al. Cannabis use is quantitatively associated with nu-
cleus accumbens and amygdala abnormalities in young
adult recreational users. J Neurosci 2014; 34: 5529–38.

72. Piazza P. V., Rougé-Pont F., Deminière J. M., Kharoubi M., Le
Moal M., Simon H. Dopaminergic activity is reduced in the
pre-frontal cortex and increased in the nucleus
accumbens of rats predisposed to develop amphetamine
self-administration. Brain Res 1991; 567: 169–74.

73. Dalley J. W., Fryer T. D., Brichard L., Robinson E. S., Theobald
D. E., Lääne K. et al. Nucleus accumbens D2/3 receptors pre-
dict trait impulsivity and cocaine reinforcement. Science
2007; 315: 1267–70.

74. Dalley J. W., Everitt B. J., Robbins T. W. Impulsivity, compul-
sivity, and top-down cognitive control. Neuron 2011; 69:
680–94.

75. Piazza P. V., Deminiere J.-M., Le Moal M., Simon H. Factors
that predict individual vulnerability to amphetamine self-
administration. Science 1989; 245: 1511–4.

76. Everitt B. J., Belin D., Economidou D., Pelloux Y., Dalley J. W.,
Robbins T. W. Neural mechanisms underlying the vulnera-
bility to develop compulsive drug-seeking habits and
addiction. Philos Trans R Soc B: Biol Sci 2008; 363:
3125–35.

77. Goldstein R. Z., Volkow N. D. Drug addiction and its underly-
ing neurobiological basis: neuroimaging evidence for the
involvement of the frontal cortex. Am J Psychiatry 2002;
159: 1642–52.

78. Kringelbach M. L. The human orbitofrontal cortex: linking
reward to hedonic experience. Nat Rev Neurosci 2005; 6:
691–702.

79. Lubman D. I., Yücel M., Pantelis C. Addiction, a condition of
compulsive behaviour? Neuroimaging and neuropsycholog-
ical evidence of inhibitory dysregulation. Addiction 2004;
99: 1491–502.

1414 Lisa E. Hauger et al.

© 2019 The Authors. Addiction published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction Addiction, 114, 1405–1415



80. Volkow N. D., Fowler J. S. Addiction, a disease of compulsion
and drive: involvement of the orbitofrontal cortex. Cereb Cor-
tex 2000; 10: 318–25.

81. Davidson R. J., Putnam K. M., Larson C. L. Dysfunction in
the neural circuitry of emotion regulation—a possible
prelude to violence. Science 2000; 289: 591–4.

82. Winstanley C. A. The orbitofrontal cortex, impulsivity, and
addiction. Ann NYAcad Sci 2007; 1121: 639–55.

83. Baxter L. R. Neuroimaging studies of obsessive compulsive
disorder. Psychiatr Clin N Am 1992; 15: 871–84.

84. Breiter H. C., Rauch S. L., Kwong K. K., Baker J. R., Weisskoff
R. M., Kennedy D. N. et al. Functional magnetic resonance
imaging of symptom provocation in obsessive–compulsive
disorder. Arch Gen Psychiatry 1996; 53: 595–606.

85. Saxena S., Rauch S. L. Functional neuroimaging and the
neuroanatomy of obsessive–compulsive disorder. Psychiatr
Clin N Am 2000; 23: 563–86.

86. Miller K. E., Hoffman J. H., Barnes G. M., Sabo D., Melnick M.
J., Farrell M. P. Adolescent anabolic steroid use, gender,
physical activity, and other problem behaviors. Subst Use
Misuse 2005; 40: 1637–57.

87. Wallin K. G., Wood R. I. Anabolic–androgenic steroids
impair set-shifting and reversal learning in male rats. Eur
Neuropsychopharmacol 2015; 25: 583–90.

88. Mehta P. H., Beer J. Neural mechanisms of the testosterone–
aggression relation: the role of orbitofrontal cortex. J Cogn
Neurosci 2010; 22: 2357–68.

89. Knopman D., Boland L., Mosley T., Howard G., Liao D., Szklo
M. et al. Cardiovascular risk factors and cognitive decline in
middle-aged adults. Neurology 2001; 56: 42–8.

90. Li J.,WangY., ZhangM., Xu Z., Gao C., Fang C. et al. Vascular
risk factors promote conversion from mild cognitive impair-
ment to Alzheimer disease. Neurology 2011; 76: 1485–91.

91. Debette S., Seshadri S., Beiser A., Au R., Himali J., Palumbo
C. et al. Midlife vascular risk factor exposure accelerates
structural brain aging and cognitive decline. Neurology
2011; 77: 461–8.

92. Regier D. A., Farmer M. E., Rae D. S., Locke B. Z., Keith S. J.,
Judd L. L. et al. Comorbidity of mental disorders with alcohol
and other drug abuse: results from the epidemiologic catch-
ment area (ECA) study. JAMA 1990; 264: 2511–8.

93. Santucci K. Psychiatric disease and drug abuse. Curr Opin
Pediatr 2012; 24: 233–7.

94. Gómez-Coronado N., Sethi R., Bortolasci C. C., Arancini L.,
Berk M., Dodd S. A review of the neurobiological underpin-
ning of comorbid substance use and mood disorders. J
Affect Disord 2018; 241: 388–401.

95. Ross S., Peselow E. Co-occurring psychotic and addictive
disorders: neurobiology and diagnosis. Clin Neuropharmacol
2012; 35: 235–43.

96. Ballmaier M., Toga A. W., Blanton R. E., Sowell E. R.,
Lavretsky H., Peterson J. et al. Anterior cingulate, gyrus rec-
tus, and orbitofrontal abnormalities in elderly depressed
patients: anMRI-based parcellation of the pre-frontal cortex.
Am J Psychiatry 2004; 161: 99–108.

97. Zhao K., Liu H., Yan R., Hua L., Chen Y., Shi J. et al. Altered
patterns of association between cortical thickness and sub-
cortical volume in patients with first episode major
depressive disorder: a structural MRI study. Psychiatry Res
Neuroimaging 2017; 260: 16–22.

98. Liu X., Kakeda S., Watanabe K., Yoshimura R., Abe O., Ide S.
et al. Relationship between the cortical thickness and serum
cortisol levels in drug-naïve, first-episode patients withmajor
depressive disorder: a surface-basedmorphometric study.De-
press Anxiety 2015; 32: 702–8.

99. Zhao K., Liu H., Yan R., Hua L., Chen Y., Shi J. et al. Cortical
thickness and subcortical structure volume abnormalities in
patients with major depression with and without anxious
symptoms. Brain Behav 2017; 7: e00754.

100. Engvig A., Fjell A. M., Westlye L. T., Moberget T., Sundseth
Ø., Larsen V. A. et al. Effects of memory training on cortical
thickness in the elderly. Neuroimage 2010; 52: 1667–76.

101. Fjell A. M., McEvoy L., Holland D., Dale A. M., Walhovd K.
B., Initiative AsDN What is normal in normal aging?
Effects of aging, amyloid and Alzheimer’s disease on the
cerebral cortex and the hippocampus. Prog Neurobiol
2014; 117: 20–40.

102. Dickerson B. C., Fenstermacher E., Salat D. H., Wolk D. A.,
Maguire R. P., DesikanR. et al. Detection of cortical thickness
correlates of cognitive performance: reliability across MRI
scan sessions, scanners, and field strengths. Neuroimage
2008; 39: 10–8.

Brain correlates of steroid dependence 1415

© 2019 The Authors. Addiction published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction Addiction, 114, 1405–1415


