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Abstract

Objective: Co-occurrence of substance use and bipolar disorders is both common and associated with poor
treatment response and greater functional impairment than either disorder alone. The neurophysiological cor-
relates of this co-morbidity however, remain unclear. In this pilot study, we compared brain morphometry be-
tween bipolar adolescents with co-occurring cannabis use disorders (CUD) and bipolar adolescents without
any substance use disorder.
Methods: Whole-brain structural magnetic resonance imaging (MRI) scans were obtained from 14 bipolar ado-
lescents. Seven study participants were diagnosed with CUD before and/or shortly after their MR scan was
obtained, and 7 subjects were free of any substance use disorder at the time of their MR scan as well as dur-
ing longitudinal follow up. Morphologic differences were calculated using voxel-based morphometry imple-
mented using statistical parametric mapping software (SPM2).
Results: Bipolar adolescents with co-occurring CUD demonstrated decreased gray matter volume (GMV) in the
left fusiform gyrus and increased GMV in the right caudate and precentral gyrus, as well as increased gray
matter density in the right middle occipital and fusiform gyri and cerebellar vermis.
Conclusions: Bipolar adolescents with CUD demonstrate evidence of greater structural abnormalities than ado-
lescents with bipolar disorder alone in frontal and temporal cortical regions, as well as in subcortical areas
linked with emotion and motivational regulation. Although the limited prescan exposure to marijuana in these
adolescents tentatively suggests that these findings may reflect underlying differences, the direct effect of
cannabis exposure may also be involved.
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Introduction

IT IS WELL ESTABLISHED THAT BIPOLAR disorder is commonly
complicated by high rates of co-occurring substance use

disorders, which may reach 40% during adolescence and
60% during adulthood (Regier et al. 1990; Wilens et al. 1999;
Strakowski et al. 2000a; Wilens et al. 2004; DelBello et al.
2007). Furthermore, substance use disorders in adolescents
are associated with both poor outcome and treatment non-
adherence (DelBello et al. 2007). Although the onset of sub-
stance use disorders precedes the onset of bipolar disorder
in a majority of bipolar adults (Kovasznay et al. 1993;
Winokur et al. 1995; Feinman and Dunner 1996; Strakowski
et al. 1996; Strakowski et al. 1998; DelBello et al. 1999), rela-

tively few adolescents with bipolar disorder have substance
use disorders when first diagnosed (Wilens et al. 1999;
Wilens et al. 2004; DelBello et al. 2007). Rates of co-occurring
substance use disorders increase, however, to approximately
40% following the onset of bipolar disorder in adolescents,
thus providing a “window of opportunity” for early inter-
vention and the implementation of prevention strategies.

Although the underlying causes of the high rate of co-mor-
bidity between bipolar and substance use disorders remain
poorly understood, previous investigators have suggested
that vulnerability to the development of substance use dis-
orders during the course of bipolar disorder may be related
to the presence of specific neurological impairments (Ma-
jewska 1996). Structural and functional abnormalities in por-
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tions of the prefrontal cortex, as well as the medial tempo-
ral and subcortical regions implicated in motivational and
emotional processing, have been demonstrated in adoles-
cents with bipolar disorder (Blumberg et al. 2002; Blumberg
et al. 2003; Chang et al. 2004; Blumberg et al. 2006; Chang et
al. 2006; DelBello et al. 2006) and have also been associated
with the development of substance use disorders (Majewska
1996; Pfefferbaum et al. 1998; Franklin et al. 2002; Lingford-
Hughes et al. 2003; Kalivas and Volkow 2005; Cahill et al.
2006; Hyman et al. 2006). Consequently, overlapping neuro-
physiological abnormalities may predispose some patients
to developing both bipolar and substance use disorders. Al-
though the cross-sectional design of most morphometric
magnetic resonance imaging (MRI) studies of patients with
substance use disorders cannot differentiate preexisting
structural brain abnormalities from the consequences of re-
peated exposure to abused substances (Pascual-Leone et al.
1991; Kirsch et al. 2006; Schlaepfer et al. 2006), at least some
studies have suggested that cannabis use disorders (CUD)
are not associated with neurostructural changes (Delisi et al.
2006; Quickfall and Crockford 2006). This potential confound
may be further limited by obtaining brain MRI scans either
prior to or shortly after the development of a substance use
disorder.

With these considerations in mind, we conducted a pilot
study comparing the structural neuroanatomy of adolescents
with and without a co-occurring CUD, as marijuana is the
most commonly used substance of abuse in bipolar adoles-
cents. Patients in the latter group were selected for minimal
prescan exposure to substances of abuse to limit potential
drug-related neuropathic effects. We hypothesized that there
would be structural differences in brain regions involved in
emotional regulation between bipolar adolescents with co-
morbid CUD and those without CUD.

Methods

Subjects

MRI scans were obtained from 14 adolescents (9 female)
diagnosed with bipolar I disorder. At the time of the scan,
subjects ranged in age from 12 to 18 years (mean � standard
deviation [SD], 16 � 2 years). All subjects had a minimum
Tanner stage of 3, based on the Tanner Self-Rating Scale
(Morris and Udry 1980). Subjects were recruited from the in-
patient psychiatric units at Cincinnati Children’s Hospital
Medical Center and their diagnoses were confirmed using
the Washington University Kiddie Schedule for Affective
Disorders and Schizophrenia (WASH U K-SADS), by inter-
viewers with established diagnostic reliability (kappa � 0.9)
(Geller et al. 2001). No subject had received any psychotropic
medication within 72 hours of study participation. All sub-
jects received comprehensive substance abuse evaluations
conducted by trained research personnel, supervised by a
board-certified child and adolescent psychiatrist (M.P.D.),
using the Substance Use Disorders module of the Structured
Clinical Interview for Diagnostic and Statistical Manual of Men-
tal Disorders, 4th edition (DSM-IV) (American Psychiatric As-
sociation 1994; First et al. 1995), the Addictions Severity In-
dex (ASI) (McLellan et al. 1992), and the Substance Abuse
Course–Modified Life II (Keller et al. 1987). Diagnoses of
CUD were based on these assessments conducted at base-
line and 4-month intervals over the course of 2 years fol-

lowing the MR scan. Approval for this study was obtained
from the Institutional Review Boards for the Cincinnati Chil-
dren’s Hospital Medical Center and the University of Cincin-
nati College of Medicine. Written informed consent was ob-
tained from a legal guardian and written informed assent
was obtained from all study participants.

MR scanning and processing

MR scans were performed on a 3.0 Tesla Bruker Biospec
scanner (Bruker Medizintechnik, Karisruhe, Germany). Dur-
ing the study, participants reclined in a supine position on
the bed of the scanner and a radio frequency (RF) coil (Bruker
NMR Instruments Inc., Fremont, California) was placed over
their head. Earplugs and headphones were provided to block
background noise. Following a 3-plane gradient echo scan
for alignment and localization, a shim procedure was per-
formed to generate a homogeneous, constant magnetic field.
A total of 120 contiguous 1-mm axial slices extending supe-
riorly from the inferior aspect of the cerebellum to encom-
pass most of the brain were selected from a sagittal localizer
scan. A high-resolution T1-weighted three-dimensional
brain scan was then obtained using a modified driven equi-
librium Fourier transform (MDEFT) protocol (inversion time
[TI] � 550 msec, repetition time [TR] � 16.5, echo time
[TE] � 4.3 msec, field of view [FOV] � 25.6 � 19.2 � 14.4,
256 � 128 � 96, flip angle � 20°). Precautions were taken to
minimize subject motion during the MRI study by instruct-
ing subjects to remain still and packing around their heads
with foam padding.

Automated image processing was done using statistical
parametrical mapping software (SPM2, Wellcome Depart-
ment of Cognitive Neurology, University College London,
UK) running in MATLAB (MathWorks, Natick, MA). Images
were uniformly aligned with regard to head position to pro-
vide optimal starting estimates for subsequent spatial nor-
malization. Analysis followed the optimized voxel-based
morphometry (VBM) processing strategy of Good and col-
leagues (2001), as previously described (Adler et al. 2005).
Final images were smoothed using a Gaussian kernel with
a full width at half-maximum (FWHM) of 12 mm, and
processed images from both datasets were analyzed em-
ploying the framework of the general linear model within
SPM2 (Friston et al. 1995). Contrasts were calculated testing
for positive or negative correlations of gray matter volume
and density with the parameter of interest. Significance was
set at p � 0.001, with a minimum cluster size of 200 voxels
(Friston et al. 1995; Wilke et al. 2001; Adler et al. 2005). Points
of maximum correlation were converted from Montreal Neu-
rological Institute (MNI) to Talairach coordinates using a
nonlinear transformation (Lancaster et al. 2000), and then
plotted across individual scans.

Results

Seven patients were diagnosed with CUD either before or
subsequent to participating in a structural MRI scan (5
girls/2 boys; mean age � SD, 15 � 2 years). Four of these
subjects had no history of CUD prior to the scan, and 1 sub-
ject reported prescan CUD that exceeded 1 year prior to the
MR scan. One subject reported 4 months of heroin depen-
dence that ended 3 months prior to the MR scan, and 1 sub-
ject was diagnosed with alcohol dependence in addition to
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marijuana abuse 1 year after participating in the MRI scan
(Table 1). Three of these subjects had been diagnosed with
CUD prior to being diagnosed with bipolar disorder. Three
of these subjects were diagnosed with co-morbid attention-
deficit/hyperactivity disorder (ADHD). Four subjects re-
ported taking psychotropic, antidepressant, or stimulant
medications for varying lengths of time prior to the imaging
study, including sertraline, clonidine, fluoxetine, trazodone,
risperidone, valproate, bupropion, quetiapine, lithium, and
methylphenidate.

The other 7 participants reported no substance use disor-
der prior to participating in the structural MR scan, and re-

mained free of significant substance use during the 2 years
following their MR scan (4 girls and 3 boys; mean age � SD,
16 � 2 years). Two of these subjects were diagnosed with co-
morbid ADHD. Four of these patients reported having been
exposed to psychotropic, antidepressant, or stimulant med-
ications prior to the study, including valproate, sertraline,
quetiapine, mixed amphetamine salts, and methylphenidate.

Bipolar subjects with CUD demonstrated decreased gray
matter volume in the left fusiform gyrus (Talairach coordi-
nates: �30, �48, �12; Brodmann area 37) and increased gray
matter volume in the right caudate (Talairach coordinates:
7, 7, 6) and precentral gyrus (Talairach coordinates: 20, �15,
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TABLE 1. SUBSTANCE USE DISORDER HISTORY

Prescan Postscan

1 One year of cannabis abuse ended 3 years prior to scan Cannabis abuse

2 No substance use disorder Alcohol dependence
Cannabis abuse
Cannabis dependence

3 No substance use disorder Cannabis abuse

4 Two years of cannabis abuse ended 1 month prior to scan Cannabis abuse

5 No substance use disorder Cannabis abuse

6 No substance use disorder Cannabis abuse

7 Less than 1 year of cannabis abuse/dependence ended Cannabis abuse
3 months prior to scan; four months of heroin
dependence ended 3 months prior to scan

FIG. 1. Voxel-by-voxel comparison map of gray matter volume (A) and density (B) in bipolar adolescents with and with-
out co-morbid marijuana abuse, overlaid on a T1-weighted three-dimensional anatomic image. Statistically significant dif-
ferences in gray matter volume were defined as p � 0.001, with a cluster size of 200 (red, abusers � nonabusers; blue,
nonabusers � abusers).
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69; Brodmann area 6) compared with bipolar adolescents
without CUD. Additionally, subjects with CUD showed in-
creased gray matter density in the right middle occipital
gyrus (Talairach coordinates: 36, �85, 21; Brodmann area 19),
right fusiform gyrus (Talairach coordinates: 52, �60, �17;
Brodmann area 37) and cerebellar vermis (Talairach coordi-
nates: 3, �79, �20) (Fig. 1). Overlap in gray matter volume
and density between groups at the points of maximum cor-
relation was low across structures (Fig. 2).

Discussion

In this study we found that a CUD in bipolar adolescents
was associated with structural differences in frontal and tem-
poral cortical regions, as well as in subcortical areas such as
the caudate, that are linked with emotional and motivational
regulation. Both functional and structural neuroimaging
studies have implicated abnormalities in portions of the

frontal cortex, including Brodmann area 11, in substance use
disorders (Goldstein and Volkow 2002; Lyoo et al. 2006).
These areas are closely networked with portions of the tem-
poral cortex, as well as subcortical structures such as the right
caudate that we observed to be enlarged in bipolar adoles-
cents with marijuana abuse. Our findings are consistent with
previous suggestions that subcortical dysfunction is associ-
ated with impairment in reward mechanisms in patients
with substance use disorder. Caudate activity has been
linked with craving in functional neuroimaging studies (Bre-
iter et al. 1997; Miller and Goldsmith 2001), and increased
activity in the right caudate is associated with alcohol crav-
ing (Modell and Mountz 1995; Lingford-Hughes et al. 2003).
Similarly, the fusiform gyrus, which we found to be altered
in bipolar patients with CUD, has been implicated in crav-
ing and drug seeking behavior. For example, Lyoo and col-
leagues recently demonstrated decreased left fusiform (Brod-
mann area 37) density in opiate-dependent patients (Lyoo et
al. 2006). Functional imaging studies in adolescents suggest
the involvement of medial temporal structures as well. Ado-
lescents who used cannabis and tobacco demonstrated de-
creased right hippocampus activation, compared to controls
during an auditory working memory task (Jacobsen et al.
2004).

We observed areas of relative gray matter volume and
density differences between bipolar adolescents with and
without CUD that broadly overlap with portions of the an-
terior limbic network, a collection of structures in which we
and others have observed morphological abnormalities in
patients with bipolar disorder alone (Strakowski et al. 2000b).
These areas are involved in elements of mood regulation,
suggesting that the development of CUD in bipolar disorder
may reflect exaggerated changes in areas also involved in
bipolar symptomatology. Our findings may, in part, explain
the high rate of co-morbidity between substance abuse and
bipolar disorders. Moreover, the relatively low degree of
overlap in gray matter volume and density between bipolar
adolescents with and without CUD suggests that changes in
these regions may be relevant to the development of a CUD
in bipolar adolescents. Areas of difference, however, are
largely confined to subcortical and posterior parietal brain
regions and exclude prefrontal areas previously observed to
be affected in adolescents with alcohol and co-morbid axis I
conditions (DeBellis et al. 2000; DeBellis et al. 2005). These
discrepant findings may be related to underlying differences
between alcohol and cannabis use disorders, but they might
also reflect the extensive prescan alcohol exposure in the
studies reported by DeBellis and colleagues.

There are several limitations to our study that should be
considered when interpreting the findings. First, a potential
limitation in interpreting the results of any study of mor-
phologic abnormalities associated with substance use disor-
ders is the difficulty in differentiating changes that precede
the development of abuse from changes that might result
from chronic drug exposure. Whereas this remains a concern
for this study, the young age of the subjects as well as their
limited substance use prior to the structural MRI scans sug-
gests that the morphological changes we observed are not
secondary to the neurotoxic effects of marijuana. In addition,
several studies of individuals with a history of greater mar-
ijuana consumption failed to identify structural brain deficits
(Block et al. 2000; Quickfall and Crockford 2006). Two more
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FIG. 2. Comparison of gray matter volume (A) and density
(B) values (O) and group means (-) between bipolar adoles-
cents with (SA) and without (NSA) co-morbid marijuana
abuse.
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recent studies of co-morbid cannabis use in patients with
schizophrenia, however, have found evidence of cannabis-
related brain changes. Rais and colleagues (2008) found that
extensive cannabis use over 5 years was associated with ev-
idence of neuronal atrophy. Bangalore and colleagues (2008)
studied first-episode schizophrenic patients with and with-
out frequent cannabis use and found cannabis-related decre-
ments in the volume of the left hippocampus and right pos-
terior cingulate. These findings do suggest that prescan
cannabis exposure may be related to some neuroanatomic
changes; however, in both of these studies, exposure was
greater than allowed here. More importantly, areas of neu-
ronal change observed by Rais and Bangalore do not over-
lap regions in which we observed CUD-related morphome-
tric differences. The adolescents in this study reported only
limited prescan levels of marijuana use; however, their ex-
posure to cannabis at a relatively young age may increase
their vulnerability to neuropathic affects (Wilson et al. 2000).

Nicotine abuse or addiction was not an exclusion criterion
in this study. At least one study has linked nicotine use with
decreased gray matter volume in some brain regions (Brody
et al. 2004). An additional limitation of this study is the rel-
atively small sample size, which limits the power to observe
group differences. Furthermore, substance use histories were
self-reported, and as an illegal substance of abuse, cannabis
use data may be unreliable. Patients were assured, however,
that reports of substance use would be kept confidential from
their parent or legal guardian and that they would not suf-
fer legal or other consequences from divulging cannabis or
other substance use to the interviewer. Finally, it is also pos-
sible that substance use data acquired postscan may be less
subject to recall biases than that acquired prescan. Specifi-
cally, prescan data were acquired using a track-back method-
ology applied over the preceding 4 years. In contrast,
postscan substance use was evaluated at 4-month intervals.
The limitations of this study necessitate caution in inter-
preting our results, but the potential importance of early
identification of those bipolar adolescents most at risk for de-
veloping co-morbid substance use disorders strongly mili-
tates for further structural and functional neuroimaging
studies across a larger cohort of patients and a broader range
of substance abuse disorders.
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