
ORIGINAL RESEARCH

Disorder-specific volumetric brain difference in adolescent
major depressive disorder and bipolar depression

Frank P. MacMaster & Normand Carrey &

Lisa Marie Langevin & Natalia Jaworska &

Susan Crawford

Published online: 26 October 2013
# Springer Science+Business Media New York 2013

Abstract Structural abnormalities in frontal, limbic and subcor-
tical regions have been noted in adults with both major depres-
sive disorder (MDD) and bipolar disorder (BD). In the current
study, we examined regional brain morphology in youth with
MDD and BD as compared to controls. Regional brain volumes
were measured in 32 MDD subjects (15.7±2.1 years), 14 BD
subjects (16.0±2.4 years) and 22 healthy controls (16.0±
2.8 years) using magnetic resonance imaging (MRI). Regions
of interest included the hippocampus, dorsolateral prefrontal
cortex (DLPFC), anterior cingulate cortex (ACC), caudate, pu-
tamen and thalamus. Volumetric differences between groups
were significant (F26,80=1.80, p= 0.02). Post-hoc analyses indi-
cated that individuals with MDD showed reduced left hippo-
campus volumes (p= 0.048) as well as right ACC white and

gray matter volumes (p= 0.003; p= 0.01) compared to controls.
BD participants also displayed reduced left hippocampal and
right/left putamen volumes compared to controls (p< 0.001; p=
0.015; p= 0.046 respectively). Interestingly, right and left ACC
white matter volumes were smaller in MDD than in BD partic-
ipants (p= 0.019; p= 0.045 respectively). No volumetric group
differences were observed for the DLPFC and thalamus.
Discriminant analysis was able to correctly classify 81.0 % of
subjects as having BD or as MDD based on imaging data.
Confirmation and extension of our findings requires larger sam-
ple sizes. Our findings provide new evidence of distinct, specific
regional brain volumetric differences between MDD and BD
that may be used to distinguish the two disorders.
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Introduction

Major depressive disorder (MDD) or unipolar depression is a
common mental illness affecting adolescents. The lifetime
prevalence of MDD in youth is approximately 15–20 %, con-
sistent with adulthood rates (Lewinsohn et al. 1986).
Furthermore, evidence suggests that child and adolescent de-
pression is continuous with adult MDD (Lewinsohn et al.
1986). Bipolar disorder (BD), has a lifetime prevalence of
1.5 %, and exerts similar (if not more pronounced and persis-
tent) negative impacts on social, academic and long-term health
outcomes as MDD (Murray and Lopez 1996; Greenberg et al.
1993). Typically, the first presentation of BD in adolescents
manifests as a depressive episode in 75 % of cases (Kutcher
et al. 1998). Bipolar disorder andMDD, though similar, require
divergent courses of treatment in order to achieve good
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outcomes. Effective and timely treatment of BD is limited by
difficulties in distinguishing the two disorders.

Bipolar disorder and MDD do display many salient differ-
ences. With respect to presentation, individuals with BD may
demonstrate the presence of psychosis or psychotic-like
symptoms, diurnal mood variation, hypersomnia during de-
pressive episodes, and a greater number of shorter depressive
episodes than typically seen inMDD (Forty et al. 2008). Large
multicenter studies found that compared with MDD, BD was
more strongly associated with a family history of the disorder,
had an earlier age of onset, was associated with a greater
number of previous depressive episodes and was linked with
eight different individual symptom items on theMontgomery-
Asberg Depression Rating Scale (MADRS) and the Hamilton
Anxiety Rating Scale (HAMA) (Perlis et al. 2006). While
these distinct clinical manifestations between BD and MDD
suggest that the brain regions involved in the two disorders
may be different, the biological/neural etiologies between the
two remain elusive (Yatham et al. 1997; Konarski et al. 2008).
Few studies have directly compared the underlying neurobi-
ology of MDD and BD using magnetic resonance imaging
(MRI) within adolescent psychiatric populations, though
some studies have investigated putative differences between
the two disorders in adult populations (Konarski et al. 2008;
Kempton et al. 2011). Assessing whether neuroanatomical
differences characterize MDD and BD during the early stages
of the disease (i.e., during adolescence) may help in
distinguishing between the two disorders and allow for earlier
diagnosis and timely decisions regarding effective treatment.

Despite the paucity of work assessing the neural correlates
of MDD versus BP directly in adolescents, a substantial body
of literature has examined the neural correlates of each disor-
der independently. Previously, smaller hippocampal volumes
were found in early-onset MDD in adolescents (MacMaster
and Kusumakar 2004). This finding was replicated in an
independent sample and extended by focusing on depressed
subjects with a family history of MDD (MacMaster et al.
2008a). Lower concentrations of the neuronal marker N-
acetyl-aspartate (NAA) in the hippocampus were also noted
in MDD youth as compared to healthy controls (MacMaster
et al. 2008b). Similar findings have been shown in two studies
of adolescents with BD; one of the studies consisted of pre-
dominantly euthymic BD adolescents (Bearden et al. 2008),
while patient status at time of assessment was not specified in
the other (Bearden et al. 2008; Frazier et al. 2008). In the
dorsolateral prefrontal cortex (DLPFC), increased choline
concentrations (which tend to index neural membrane synthe-
sis and breakdown, thus reflecting decreased cell integrity)
have been noted in pediatric MDD (Farchione et al. 2002).
More recently, our group has documented increased cortical
thickness within the rostral middle frontal gyrus, an aspect of
the DLPFC, in youth with MDD versus controls (Reynolds
et al., submitted). In adolescents with BD, Dickstein et al.

(2005) found reduced gray matter in the left DLPFC. In the
anterior cingulate (ACC), increases in cytosolic choline and
reduced glutamate concentrations have been noted in youth
with MDD (MacMaster and Kusumakar 2006; Rosenberg
et al. 2005). A greater decrease in ACC volume over a 2-years
period was found in adolescents with BD as compared to
healthy controls (Kalmar et al. 2009). Smaller left ACC vol-
ume was also noted in BD versus control subjects (Chiu et al.
2008). On the other hand, increased gray matter density was
noted in first episode individuals with BD as compared to
controls (Adler et al. 2007). Changes in frontal-limbic circuits
are consistent with some of the noted cognitive (i.e., attention/
concentration as well as memory deficits) as well as emotive
symptoms (i.e., depressed mood, putative hypersensitivity to
emotive, particularly, negative cues, impaired emotive control,
rumination) associated with mood disorders.

Evidence suggesting changes in subcortical structures in
either of the two disorders remains controversial. In pediatric
MDD, smaller right striatum structures—specifically the cau-
date—were observed compared to controls (Matsuo et al.
2008). Increases in left caudate choline were also noted in
adolescent MDD participants (Gabbay et al. 2007).
Conversely, in BD, a larger left thalamus (Adler et al. 2007;
Wilke et al. 2004), caudate and putamenwere found relative to
controls (Wilke et al. 2004). Traditionally, basal ganglia struc-
tures were principally implicated in motor regulation; as such,
morphometric changes in these regions may be associated
with symptoms such as psychomotor retardation in MDD
(Sobin and Sackeim 1997). However, emerging evidence
has also implicated basal ganglia structures in aspects related
to cognition and emotive processing, specifically in guiding
actions towards motivationally significant stimuli, and in reg-
ulating the motoric expressions associated with emotive states
(i.e., facial expressions) (Ring and Serra-Mestres 2002;
Camara et al. 2008). These findings are consistent with the
fact that basal ganglia structures are richly interconnected with
the DLPFC, orbitofrontal cortex as well as the ACC (fronto-
striatal loops) (Alexander et al. 1986; Clark et al. 2009). Taken
together, this evidence suggests involvement of both cortical
and subcortical structures in specific symptoms of MDD and
BD.

In the current study, we examined the volumes of the
hippocampus, DLPFC, ACC, caudate, putamen, and thalamus
using MRI in adolescents with MDD and BD as well as
healthy controls. Studies of younger patients with mood dis-
orders are critical in our efforts to delineate the neurobiolog-
ical substrates of the disorders and to minimize confounds
related to various interventions or resilience factors. We hy-
pothesize that adolescents with MDD or BD will demonstrate
similar reductions in DLPFC, ACC, and hippocampal vol-
umes compared with controls, but demonstrate distinctions
with respect to subcortical structures including the putamen,
caudate and thalamus.
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Experimental procedures

Participants

Thirty-two participants with MDD aged 12–18 years (10
males, 22 females), 14 patients with bipolar disorder (BD)
aged 11–19 years (7 males, 7 females) and 22 healthy controls
aged 9–21 years (9 males, 13 females) were recruited. All
subjects with a mood disorder diagnosis had to be currently
depressed for inclusion in the study. Patient participants were
recruited from those referred to the Izaak Walton Killam
(IWK) Health Center’s Department of Psychiatry. Controls
were recruited through advertisements within the community.
Both patients and controls were paid a small honorarium for
study participation. The study psychiatrist used the Schedule
for Affective Disorders and Schizophrenia for School-Age
Children-Present Lifetime version (K-SADS-PL; (Kaufman
et al. 1997) to establish diagnostic group. Exclusion criteria
for participation in this study were: a history of neurological
disorders, serious medical condition, claustrophobia, age
greater than 21 years, or the presence of a ferrous implant or
pacemaker. Depression symptom severity was assessed using
the Childhood Depression Rating Scale (CDRS) (Poznanski
et al. 1979). All MDD and BD participants had a CDRS score
above 40, indicative of significant dysfunction. Of the 14 BD,
10 had BD-I, one had BD-II, and 3 had BD not otherwise
specified (BD-NOS). Two MDD participants had a comorbid
diagnosis of substance abuse; one had oppositional defiant
disorder (ODD), and another attention deficit hyperactivity
disorder (ADHD). The remaining subjects had a single diag-
nosis of MDD. Four MDD participants had recently
(<1 week) started medication (two with the selective serotonin
reuptake inhibitor sertraline, one with the reversible mono-
amine oxidase inhibitor mocolobide, and one with the stimu-
lant dexedrine). One BD participant had recently started tak-
ing the atypical antipsychotic risperidone (<1 week). The
remaining participants were medication naïve. Nine of the
MDD participants had a confirmed parent with a past history
of depression (Andreasen et al. 1977). Structured family his-
tory data for the BD participants is not available. Four of the
BD participants and three of the MDD participants had a past
suicide attempt. Controls did not have any psychiatric illness.
Written informed consent was obtained prior to initiating the
study in compliancewith the IWKResearch Ethics Board. See
Table 1.

Imaging acquisition

The MRI studies were conducted with a 1.5 Tesla Siemens
Magnetom Vision magnetic resonance system (Germany). A
sagittal scout series was acquired to test image quality. A
three-dimensional fast low angle shot (FLASH) sequence
was used to acquire data from 124 1.5 mm thick contiguous

coronal slices through the entire brain (echo time=5 ms, rep-
etition time=25ms, acquisition matrix=256×256 pixels, field
of view=24 cm and flip angle=40°). Positioning was done in
a standardized manner in order to ensure consistency of ac-
quisitions, along the anterior- and posterior-commissure line.
Volumetric structural measurements were made by trained and
reliable raters (F.P.M., P.E., C.R.; inter- and intra-class r <0.90
for all structures), blind to subject identification and clinical
status. Furthermore, some subjects had their scans randomly
flipped (along the y axis: switching the left and right sides)
prior to manual tracing in order to limit measurement bias.
Manual tracing was done using the MEDx software program.

Regional brain volumetric measurements

Hippocampus Special care was taken to separate the anterior
boundary of the hippocampus from the amygdala. The ap-
pearance of the mammillary bodies was used as a guide to
determine the posterior-anterior border of the amygdala. More
anteriorly, amygdala gray matter in slices begins to extend
superiorly to the hippocampus. This observation was aided by
the sagittal view. The posterior hippocampal boundary was
marked by the clearest appearance of the fornix. The lateral
hippocampal border was defined by the temporal horn of the
lateral ventricle and or the white matter adjacent to the hippo-
campal gray matter. The inferior border was demarcated by
the white matter of the parahippocampal gyrus (MacMaster
and Kusumakar 2004).

Anterior cingulate cortex (ACC) The anterior boundary was
the tip of the cingulate sulcus. The posterior boundary was
marked by the connection of the superior and precentral sulci.
The ventral boundary was denoted by the callosal sulcus. The
dorsal boundary was the cingulate sulcus (Szeszko et al.
2004a).

Dorsolateral prefrontal cortex (DLPFC) The location of the
most anterior part of the genu of the corpus callosumwas used

Table 1 Demographic characteristics (mean ± standard deviation)

Item Controls Bipolar disorder Major depressive disorder

Age (Years) 16.0±2.8 16.0±2.4 15.7±2.1

Sex 9 Male 7 Male 10 Males

13 Female 7 Female 22 Females

Subtype - 10 BD-I -

1 BD – 11

3 BD NOS

CDRS - 67.9±13.7 69.2±13.8

BDI - 26.6±10.2 20.5±12.9

BD bipolar disorder, BDI beck depression inventory, CDRS children’s
depression rating scale, NOS not otherwise specified
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as the first slice for measuring the DLPFC. The superior
boundary was denoted by the superior frontal sulcus. The
inferior boundary was marked by the posterior lateral fissure
and horizontal ramus of the anterior lateral fissure. The lateral
border was represented by the edge of the cerebral cortex. The
medial border was delineated by the connection of the deepest
parts on the superior frontal sulcus and the lateral fissure
(Rosenberg and Keshavan 1998).

Thalamus The left and right thalami were measured separate-
ly. The mammillary bodies and interventricular foramen
marked the anterior boundary. The internal capsule acted as
the lateral boundary. The third ventricle acted as the medial
boundary. The hypothalamus marked the inferior boundary.
The posterior boundary was demarcated by where the thala-
mus merged under the crux of the fornix. The superior bound-
ary was the main body of the lateral ventricle (Gilbert et al.
2000b).

Caudate nucleus Tracing began at the most anterior slice
where the caudate was visible and continued in posteriorly
until the pons was first visible. The medial boundary was the
lateral ventricle. The lateral boundarywas the internal capsule.
Using the coronal slice where the anterior commissure was the
most visible, the inferior border of the caudate was established
as the inferior border of the lateral ventricles. This excluded
the nucleus accumbens (Matsuo et al. 2008).

Putamen Tracing began at the most anterior slice where the
putamen was first visible. The medial boundary was the
internal capsule. The lateral boundary was the external cap-
sule. The superior boundary was the corona radiata. The most
posterior boundary was where the putamen was no longer
visible in the corona radiata (Matsuo et al. 2008).

Statistics

To test overall group comparisons, a multivariate analysis of
variance (MANOVA) test of significance for planned com-
parisons was used. Planned comparisons were MDD vs. con-
trols (−1 vs. 1) and bipolar vs. controls (−1 vs. 1). For post-hoc
analysis, Tukey HSD tests were used (p <0.05). To examine
the relationship between clinical and demographic variables
and regional brain volumes, Pearson’s correlations were used.
In an exploratory analysis, a series of repeated measures
ANCOVAs controlling for whole brain volume (WBV, which
included all gray and white matter of the frontal, parietal,
temporal, and occipital lobes) were conducted for group com-
parisons on variables of interest, and a discriminant analysis
was conducted on the BD and MDD participants to determine
group membership based on a combination of regional brain
volume variables. T-tests were used to compare children who

were misclassified. No differences in WBV were noted be-
tween groups (F2,67=1.19, p =0.31).

Results

The overall MANOVA between groups was significant (F26,80=
1.80, p=0.02). Post-hoc analysis revealed smaller left hippo-
campal volumes in both MDD (p=0.048) and BD (p=0.005)
groups compared to controls; no such differences were noted in
the right hippocampus. BD andMDD hippocampal volumes did
not differ. Right ACC gray matter volume was smaller in MDD
versus control groups (p=0.003) and demonstrated a trend for
being smaller than BD participants (p=0.07). Right ACC white
matter volume was smaller in MDD compared to both controls
(p=.01) and BD (p=0.019). Left gray ACC matter volume did
not differ between groups. Left ACCwhite matter was smaller in
MDD participants compared to BD patients (p=0.045) but not
controls. Right and left putamen volume was smaller in BD
participants compared to controls (p=0.014, p=0.046 respec-
tively). MDD did not differ from controls or BD groups in
putamen volumes. No differences were observed for the caudate,
DLPFC, and thalamus between any of the groups.When the BP-
NOS subjects were removed, the results did not change signif-
icantly. No correlations between clinical/demographic variables
(i.e., CDRS, age, BDI) and regional brain volumes passed the
correction for multiple comparisons to reach significance. See
Fig. 1 and Tables 2 and 3. We examined sex differences in an
exploratory manner. For both the left hippocampus and right
ACC, the effect appeared driven more so by the males (F=9.85,
p=0.001, males vs. F =0.83, p=0.44, females and F =8.12,
p=0.003, males vs. F =2.05, p =0.14, females respectively).
Interestingly, in the right and left putamen, it was the females
driving the effect (F =1.21, p =0.32, males vs. F =7.65,

Fig. 1 Mean volume of brain regions (cc). Error bars indicate standard
deviation
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p=0.002, females and F=1.73, p =0.20, males vs. F =5.09,
p=0.01, females respectively). Within diagnostic groups, we
found that in controls left hippocampal volumes were larger in
females than males (t =3.40, p =0.003) but not in the other
groups. In the BD group, right and left putamen volumes were
larger in males than females (t=3.34, p=0.008 and t=3.75, p=
0.004 respectively) but not in the other groups. Finally, in the
MDD group, no significant sex differences were noted.

Exploratory discriminant analysis

Results of a series of repeated measures analysis of covariance
(ANCOVAs) (controlling for intracranial volume – described in
(Rosenberg et al. 1997)) for each variable of interest revealed a
significant group×hemisphere interaction for the right and left
hippocampi (F1,43=6.89, p= 0.012). Results also showed a sig-
nificant group difference for left and right ACC volumes (F1,39=
6.74, p= 0.013), but no significant hemisphere effect and no
significant group×hemisphere interaction. Repeated measures

ANCOVAs for the caudate, putamen, thalamus, DLPFC and
PFC did not reveal any significant effects. Given the relatively
small sample size of the two clinical groups, the next analysis
incorporated a discriminant function analysis using the right and
left hippocampus, and the right and left ACC along with WBV
as potential variables for discriminating between the two clinical
groups. Results revealed a significant overall discriminant func-
tion (X2(5)=18.67, p= 0.002), with the volumes of the right
ACC and left hippocampus being the two significant discrimi-
nating variables in terms of group (BD/MDD) membership.
Overall, 88.5 % of children were correctly classified as having
BD or MDD. When the groups were considered separately,
88.2 % of the MDD group was correctly classified. 88.9 % of
the BD groupwas correctly classified.When the split-half model
was tested with the remainder of the sample for cross validation,
results were similar: a significant overall discriminant function
(X2(5)=15.42, p= 0.003), with the volumes of the right ACC
and left hippocampus being the two significant discriminating
variables; overall, 81.3 % of children were correctly classified

Table 2 Summary of regional
brain volumes (mean ± standard
deviation)

Region Controls Bipolar disorder Major depressive disorder

Right Hippocampus 2.81±0.53 2.67±0.39 2.62±0.50

Left Hippocampus 2.91±0.60 2.40±0.42 2.60±0.40

Right ACC 3.73±0.79 3.74±0.53 3.17±0.57

Left ACC 3.64±0.73 3.44±0.85 3.16±0.59

Right DLPFC 9.61±1.23 8.88±1.16 8.80±1.23

Left DLPFC 9.23±1.28 8.60±1.60 8.62±1.63

Right Thalamus 3.13±0.96 2.85±0.91 3.10±0.83

Left Thalamus 2.99±0.81 2.68±0.79 3.02±0.87

Right Caudate 3.62±0.62 3.28±0.52 3.34±0.68

Left Caudate 3.67±0.59 3.29±0.52 3.51±0.64

Right Putamen 4.47±0.49 3.90±0.69 4.17±0.50

Left Putamen 4.56±0.60 3.96±0.72 4.28±0.63

Whole Brain Volume 1385.34±198.15 1307.78±176.09 11296.12±240.50

Table 3 Summary of anatomical findings

Structure Controls vs. Bipolar Controls vs. Depression Depression vs. Bipolar

Hippocampus Smaller left hippocampus
in bipolar (p =0.005)

Smaller left hippocampus in
depression (p =0.005)

No difference

Anterior Cingulate
Cortex (ACC)

No difference Right ACC white matter smaller
in depression (p =0.01).

Right ACC white matter smaller in
depression (p=0.019).

Right ACC gray matter smaller
in depression (p =0.003)

Right ACC gray matter showed a trend
to be smaller in depression (p =0.07)

Dorsolateral Prefrontal Cortex No difference No difference No difference

Thalamus No difference No difference No difference

Caudate No difference No difference No difference

Putamen Smaller in bipolar (right -
p=0.014, left – p=0.046)

No difference No difference
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(83.3% of theMDD and 75.0% of the BD group were correctly
classified).

Participants in the BDwho were misclassified asMDD had
significantly larger left hippocampus volume values (M=
2.69 cm3, SD=0.29) compared to BD patients who were
correctly classified (M=2.17 cm3, SD=0.37, t11=−2.63,
p= 0.023). Compared to correctly classified BD participants,
group members who were misclassified as MDD also tended
(trend level) to have lower volume values of the right ACC
(M=3.40 cm3, SD=0.46 versus M=3.96 cm3, SD=0.48 for
correctly classified; t11=2.08, p= 0.061) and higher values of
the left prefrontal cortex (M=40.22 cm3, SD=6.36 compared
to M=32.31 cm3, SD=6.71 for correctly classified; t11=−2.11,
p= 0.059), as compared to correctly classified BP participants.

Individuals in the MDD group who were misclassified as
BD had significantly larger volume values of the right ACC
(M=3.94 cm3, SD=0.26) than participants in this group who
were classified correctly (M=3.09 cm3, SD=0.53; t27=−2.74,
p= 0.011). Participants in the MDD group who were
misclassified also tended to have a larger left putamen (M=
4.96 cm3, SD=0.78) compared to correctly classified partici-
pants (M=4.19 cm3, SD=0.60, t27=−2.05, p= 0.050).

Discussion

In this study, we found smaller hippocampal volumes in both
MDD and BD adolescent participants compared to controls.
ACC gray and white matter volumes were smaller in MDD
participants than controls and differentiated MDD patients
from BD patients. Furthermore, we found smaller putamen
volumes only in BD subjects compared to controls. Regions
like the DLPFC, thalamus and caudate did not differ between
groups.

Our finding of smaller hippocampal volumes is consistent
with studies in youth with BD (Bearden et al. 2008; Blumberg
et al. 2003) and MDD in adolescents (MacMaster and
Kusumakar 2004; MacMaster et al. 2008a). It is important to
note that further studies assessing morphometric brain chang-
es are needed due to the small number of existing reports,
especially during late adolescence and early adulthood when
differences in hippocampal volume appear less robust
(McKinnon et al. 2009). Given that reduced hippocampal
volumes have also been noted in adults with MDD
(Campbell et al. 2004), hippocampal volume reductions may
be a trait marker of depression and/or the hippocampus may
be one of the earliest structures to be negatively impacted by
the disorder. Although hippocampal volume reductions in
adults with BD are less consistently documented, this may
be related to lithium treatment, which may have neuroprotec-
tive effects (Hajek et al. 2012), thus, both MDD and BD
appear to be associated with hippocampal volume decreases
that emerge early in the disorder. In healthy adolescents,

rostral ACC volume was smaller in boys with subclinical
depressive symptoms and correlated negatively with symp-
toms. This finding was particularly robust in those with a
family history of MDD (Boes et al. 2008). In children and
adolescents with MDD, increases in cytosolic choline (sug-
gesting greater cell turnover) and reduced glutamate concen-
trations have also been noted in the ACC (MacMaster and
Kusumakar 2006; Rosenberg et al. 2005). Our findings of
decreased ACC volumes (in both the grey and white matter
aspects) in MDD versus BD patients are consistent with some
previous work examining brain structure and chemistry in
similar populations.

Our finding of a smaller putamen in BD versus controls is
novel. However, the presence of comorbid attentional issues
may influence putamen volume (Liu et al. 2011) and, contrary
to our findings, greater putamen volumes were noted in med-
icated adults with BD (Hallahan et al. 2011). Other studies in
pediatric BD reported no differences in putamen volume (Ahn
et al. 2007; Sanches et al. 2005). Increased activation in the
putamen was noted during facial emotional processing in BD
adults compared to controls (Hulvershorn et al. 2012). This
was also observed in children with BD (Rich et al. 2006). Our
study suggests that putamen volumes may discriminate uni-
polar and bipolar depression, however, further study is
warranted.

The exploratory discriminant analysis demonstrated that
imaging data could be used to distinguish MDD and BD
patients (81 % correctly classified). The analysis was more
successful in classifying MDD (89.7 %) than the BD (61.5 %)
group. Based on these findings, regional brain volume data
show promise for diagnostic purposes, which have been
attempted in other disorders (Soliva et al. 2010). Our selection
of candidate regions was based upon findings in our primary
analysis and then testing the viability of each region as a
potential discriminating factor.

The inconsistency of some of our findings pertaining to BD
compared with precedent research may be due to a number of
factors. First, there are indications that the brain changes in
BD are progressive (Lisy et al. 2011). The BD participants
may have been at different stages of their illness course,
leading to varying degrees of observed brain changes.
Furthermore, our sample was largely treatment naïve at the
time of their scan, which could account for some of our
discrepant findings from previous published work (which tend
to assess medicated participants). The effect of treatment on
regional brain volumes has been well documented in BD
(Baykara et al. 2012; Hallahan et al. 2011) and in other
conditions treated with psychotropic medications (Gilbert
et al. 2000a; Szeszko et al. 2004b; Chakos et al. 1994;
Keshavan et al. 1994). The influence of comorbidity may be
another factor that contributed to the variability of our findings
compared with precedent literature, especially with respect to
the putamen (Liu et al. 2011). Given the results of the
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exploratory analysis of sex differences, the influence of sex on
brain morphometry in the context of mood disorders warrants
further exploration. Replication of this study with a larger
sample size and taking the above-mentioned factors into ac-
count will be necessary in comparable future work. With
larger samples, some trends may achieve significance (ACC
gray matter between MDD and BP subjects for example), and
age, bipolar type and gender matching would be more viable.
Lastly, because some of our participants were undergoing
treatment, this may have affected our findings.

There are several limitations that must be acknowledged:
(1) the small sample size, (2) the presence of subjects with a
prior treatment history (even if only for a short time), (3) the
heterogeneity in the BD group, (4) the potential instability
(and hence validity) of the diagnosis, and (5) the wide age
range used. However, these limitations are offset by the novel
nature of the study design directly comparing BD, MDD and
healthy control participants with regard to regional brain
volumes. Developing more accurate neurobiological profiles
of MDD and BD may eventually lead to methods for
distinguishing these patient groups. Indeed, our exploratory
discriminant analysis was fairly successful in distinguishing
the two disorders, despite some significant clinical similarities
(both groups presenting in a depressive episode).

In conclusion, data from this study indicated both similar
and distinct regions of brain volume changes in MDD and BD
adolescent participants. An exploratory discriminant analysis
revealed that imaging data could successfully classify 81% of
MDD individuals. Further work is needed to develop bio-
markers that can distinguish MDD and BD early on in the
course of illness.
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