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The olfactocentric paralimbic cortex plays a critical role in the regulation of emotional and neurovegetative functions that are
disrupted in core features of bipolar disorder. Adolescence is thought to be a critical period in both the maturation of the
olfactocentric paralimbic cortex and in the emergence of bipolar disorder pathology. Together, these factors implicate a central
role for the olfactocentric paralimbic cortex in the development of bipolar disorder and suggest that abnormalities in this cortex
may be expressed by adolescence in the disorder. We tested the hypothesis that differences in olfactocentric paralimbic cortex
structure are a morphological feature in adolescents with bipolar disorder. Subjects included 118 adolescents (41 with bipolar
disorder and 77 healthy controls). Cortical grey matter volume differences between adolescents with and without bipolar
disorder were assessed with voxel-based morphometry analyses of high-resolution structural magnetic resonance imaging
scans. Compared with healthy comparison adolescents, adolescents with bipolar disorder demonstrated significant volume
decreases in olfactocentric paralimbic regions, including orbitofrontal, insular and temporopolar cortices. Findings in these
regions survived small volume correction (P < 0.05, corrected). Volume decreases in adolescents with bipolar disorder were
also noted in inferior prefrontal and superior temporal gyri and cerebellum. The findings suggest that abnormalities in the
morphology of the olfactocentric paralimbic cortex may contribute to the bipolar disorder phenotype that emerges in adoles-
cence. The morphological development of the olfactocentric paralimbic cortex has received little study. The importance of these
cortices in emotional and social development, and support for a central role for these cortices in the development of bipolar
disorder, suggest that study of the development of these cortices in health and in bipolar disorder is critically needed.
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Introduction

The hallmark of bipolar disorder is affective dysregulation charac-
terized by the emotional elevations of manic episodes and the
emotional decreases of depressive episodes. Although the affective
changes are prominent features of bipolar disorder, the acute
mood episodes of bipolar disorder invariably also include symp-
toms ranging from disruptions in neurovegetative functions to def-
icits in higher order cognition. The neural basis for components of
this constellation of symptoms in bipolar disorder is suggested by
reports of morphological differences in varying combinations of
amygdala, paralimbic and heteromodal prefrontal cortices in
adults with bipolar disorder (Drevets et al., 1997; Pearlson
et al., 1997; Strakowski et al., 1999; Altshuler et al., 2000;
Blumberg et al., 2002, 2003a, 2006; Lopez-Larson et al., 2002;
Kasai et al., 2003; Lochhead et al., 2004; Mcintosh et al., 2004;
Lyoo et al., 2006; Nugent et al., 2006; Rosso et al., 2007; Arnone
et al., 2009; Ha et al., 2009; Stanfield et al., 2009; Womer et al.,
2009a; Zuliani et al., 2009; Ellison-Wright et al., 2010). However,
a unifying model that can help to explain the development of the
range of behaviours central to bipolar disorder is needed. We pre-
viously suggested that as adolescence is a critical period in the
emergence of bipolar disorder, brain regions that undergo matur-
ational changes by this epoch, and that subserve the functions
characteristically involved in the disorder, are likely to be important
in the developmental pathophysiology of bipolar disorder
(Blumberg et al., 2002, 2003b, 2004, 2006; Fredericks et al.,
2006; Kalmar et al., 2009a; Womer et al., 2009a). These factors
implicate the olfactocentric paralimbic cortex (OPC) as central in
the development of bipolar disorder.

The OPC, including orbitofrontal, insular and temporopolar cor-
tices, is a group of highly interconnected structures that develop in
concert to comprise critical elements in the neural system subser-
ving emotional regulation (Mesulam et al., 1985; Mesulam, 1998,
2000). As a transition zone from agranular to granular cortex, the
OPC sits between autonomic, limbic and heteromodal structures
with which it shares major reciprocal connections. The principal
limbic afferents to the OPC are derived from the amygdala
(Amaral et al., 1984; Mesulam, 2000). The OPC also contains
cortical regions with the highest density of connections with the
hypothalamus (Nauta, 1971; Mesulam, 2000). Thus, the OPC is in
position to process information regarding internal states to provide
feedback to adaptively regulate affective processing, as well as
circadian rhythms, sleep, appetite and sexual functions that are
often the first functions to show disruptions at the onset of bipolar
disorder episodes (Bunney et al., 1972). OPC connections from
sensory, motor and higher order heteromodal cortices provide a
continual update of conditions in the extra-personal world
(Morecraft et al., 1992; Carmichael et al., 1995; Rempel-Clower
et al., 1998; Mesulam, 2000; Olson et al., 2007). The OPC is thus
in position to regulate emotional responses to be optimally adap-
tive by integrating information from both the internal milieu and
extra-personal world and returning feedback to help to regulate
the responses of the connection sites (Mesulam, 1998, 2000). This
suggests that OPC abnormalities could lead to emotional respo-
nses that are maladaptive given internal and external conditions
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and could potentially result in the range of affective, vegetative
and cognitive symptoms of bipolar disorder.

A role for the OPC in bipolar disorder is supported by long-
standing reports of OPC lesions producing symptoms similar to
those of bipolar disorder, including manic- and depressive-type
symptoms in association with orbitofrontal and temporal lesions,
as well as cycling between mania and depression in association
with temporal pathology (Flor-Henry, 1976; Starkstein et al.,
1990; Migliorelli et al., 1993; Damasio et al., 1994; Rolls et al.,
1994; Bechara et al., 1999; Murai et al., 2003). In addition to
structural neuroimaging studies, functional neuroimaging studies
of adults with bipolar disorder report varying combinations of
abnormalities in orbitofrontal, insular and temporopolar cortices,
as well as their amygdala, prefrontal and cerebellum connection
sites (Altshuler et al., 2005; Blumberg et al., 2005; Strakowski
et al., 2005; Fredericks et al., 2006; Keener et al., 2007; Malhi
et al., 2007, 2008; Wessa et al., 2007; Mcintosh et al., 2008;
Kalmar et al., 2009a; Kim et al., 2009; Womer et al., 2009a).
Dysregulated ventral prefrontal cortex and insula responses have
been reported in functional neuroimaging studies of adolescents
with bipolar disorder during emotional processing, implicating
pathology in the OPC in adolescents with the disorder (Chang
et al., 2004; Rich et al., 2006; Dickstein et al., 2007; Pavuluri
et al., 2007, 2008, 2009). Structural neuroimaging studies of
small samples of adolescents with bipolar disorder have reported
abnormalities in one or more OPC structures, including orbitofron-
tal volume decreases in 10 adolescents with bipolar disorder
(Wilke et al., 2004) and in 11 adolescent males with bipolar dis-
order (Najt et al., 2007), and insular volume decreases in eight
adolescents with bipolar disorder (Farrow et al., 2005). These sug-
gest the presence of OPC morphological differences in adolescents
with bipolar disorder.

In the present study, we used high-resolution structural MRI
and voxel-based morphometry to study cortical morphology in
adolescents with bipolar disorder, compared with adolescent
healthy controls. We hypothesized that volume decreases would
be present in the OPC, and might also be present in cortical re-
gions highly connected to the OPC, in adolescents with bipolar
disorder.

Materials and methods
Subjects

The adolescent healthy control group was composed of 77 adolescents
[ages 11-21 years, mean age = 16.55 & 3.08 years, 33 (43%) femalel.
The bipolar disorder group was composed of 41 adolescents with bi-
polar disorder [ages 10-21 years, mean age=16.93 £+ 2.62 years,
21 (51%) female]. Participants were without a history of other neuro-
logical disorders or loss of consciousness >5 min or significant medical
disorders, with the exception of one subject with bipolar disorder with
treated hypothyroidism. The presence or absence of Diagnostic and
Statistical Manual of Mental Disorders, fourth edition (DSM-IV;
American Psychiatric Association 1994) Axis | disorders and mood
state were confirmed by administration of the revised Schedule for
Affective Disorders and Schizophrenia for School-Age Children—
Present and Lifetime Version to participants and parents/guardians
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of participants aged <18, or the Structural Clinical Interview for
DSM-IV Axis | Disorders for participants over the age of 18 years.
At the time of scanning, 14 (34.1%) participants with bipolar disorder
met criteria for an elevated mood episode (manic, mixed or hypoman-
ic), eight (19.5%) for a depressive episode and 19 (46.3%) were
euthymic. Seventeen (41.5%) participants with bipolar disorder met
criteria for rapid cycling, and eight (19.5%) reported chronic daily
cycling; cycling rate could not be determined for one participant.
Fifteen (36.6%) participants with bipolar disorder had a history of
psychotic symptoms and 10 (24.4%) had a history of
substance-related disorders. Psychotropic medications prescribed to
the adolescents with bipolar disorder at the time of scanning included
lithium carbonate (n=7, 17.1%), anticonvulsants (n =16, 39.0%),
atypical antipsychotics (n =18, 43.9%), antidepressants (n=12,
29.3%), stimulants (n=8, 19.5%) and benzodiazepines (n=3,
7.3%). Ten (24.4%) of the bipolar disorder participants were not
medicated at the time of scanning.

Following a complete description of the research, written informed
consent was obtained from parents/guardians and participants
18 years and older. Written informed assent was obtained from
minors. This research was approved by the human investigation com-
mittees of the Yale School of Medicine and the Department of
Veterans Affairs.

Structural imaging data acquisition

High-resolution structural MRI scanning was performed on a 3-Tesla
Siemens Trio Magnetic Resonance scanner (Siemens). A 3D magnet-
ization prepared rapid acquisition gradient echo T4-weighted sequence
was used to acquire sagittal images with parameters: repetition
time = 1500 ms, echo time = 2.83ms, field of view = 256 x 256 mm?,
matrix = 256 x 256, slice thickness = 1.0mm without gap, 160 slices
and two averages.

Structural MRI data processing and
analysis

Images were processed and analysed with Statistical Parametric
Mapping 5 (SPM5) (http://www fil.ion.ucl.ac.uk/spm), as detailed in
our previous publications (Tang et al., 2007; Kalmar et al., 2009b).
Briefly, the SPM5 segmentation function was implemented for bias
correction, spatial normalization and segmentation of the original
structural images in the same model. Bias correction produced
images with more uniform intensities. SPM5 tissue probability maps
(voxel size 2 x 2 x 2mm°) were used to guide normalization and
segmentation. During spatial normalization, a ‘modulation’ step was
used to ensure that the overall amount of tissue in a class was not
altered. The segmented, normalized and modulated grey matter
images were smoothed with an 8 mm, full width at half maximum,
isotropic Gaussian kernel. Following the preprocessing, voxel-based
analysis of covariance (ANCOVA) was used to compare grey matter
volume between the bipolar disorder and healthy control groups with
SPM5, including age as a covariate. Findings were considered signifi-
cant at a height threshold of P < 0.001 uncorrected for multiple com-
parisons and an extent threshold of 100 voxels. Analyses were also
performed with small volume correction for multiple comparisons
(P < 0.05, corrected) to further confirm the findings for the hypothe-
sized OPC regions. Regression analyses were performed in the bipo-
lar disorder group with duration of iliness as a continuous, independent
variable to explore the relationship between duration of illness and

Brain 2011: 134; 2005-2012 | 2007

the volumes of the regions showing significant differences between
the adolescent healthy control and bipolar disorder groups. An ex-
ploratory analysis (univariate analysis of variance) assessed potential
diagnosis by age interactions in the regions of significant volume
differences. Additional exploratory analyses (ANCOVA) were per-
formed for effects of mood state, rapid cycling, history of psychotic
symptoms, history of substance-related disorders and medications
(overall presence or absence of medication, as well as the presence
or absence of lithium carbonate, anticonvulsants, atypical anti-
psychotics and stimulants) on the regions that showed significant dif-
ferences between the adolescent healthy control and bipolar disorder
groups.

Results

The adolescent healthy control and bipolar disorder groups did not
differ significantly in age (P=0.5) or sex distribution (P =0.36).
Volumes were significantly reduced in adolescents with bipolar
disorder, compared with adolescent healthy controls, in OPC re-
gions, including orbitofrontal cortex [Brodmann areas (BA) 11/47],
insula and temporopolar cortex (BA 38). Additional areas of de-
creased volume in the adolescent bipolar disorder group, com-
pared with the adolescent healthy control group, included the
inferior frontal gyrus (BA 44/45), superior temporal gyrus (BA
22) and cerebellum (Fig. 1, Table 1). The OPC findings remained
significant with small volume correction (P < 0.05, corrected).
There was no region showing significantly increased grey matter
volumes in the bipolar disorder group, compared with the adoles-
cent healthy control group.

There was no significant effect of illness duration or interaction
between diagnosis and age in the regions of significant volume
difference between the adolescent healthy control and bipolar dis-
order groups. Exploratory analyses did not reveal significant effects
of clinical factors, including mood state (P > 0.1), rapid cycling
(P>0.1), history of psychotic symptoms (P> 0.2) or of
substance-related disorders (P > 0.3), within the bipolar disorder
group in the regions of group differences.

There were no significant effects of medication on volumes in
the regions that differed between the adolescent healthy control
and bipolar disorder groups. However, trends were noted at the
low threshold of P < 0.05 (uncorrected) for higher frontotemporal
volumes, including in orbital and inferior frontal, temporal polar
and association cortices, in adolescents with bipolar disorder who
were taking medications at the time of study than in those who
were not; there were no frontotemporal areas in which medication
was associated with lower volume. Lithium carbonate appeared to
contribute to the increases in association with medication in orbi-
tofrontal cortex as there was a region of increased volume in
orbitofrontal cortex (BA 11) in adolescents prescribed lithium car-
bonate, compared with adolescents not prescribed lithium carbon-
ate. Anticonvulsants also appeared to contribute to the effects in
orbitofrontal cortex, showing increased volume in orbitofrontal
cortex (BA 47) in adolescents prescribed anticonvulsants, as com-
pared with adolescents who were not. In addition, the adolescents
taking anticonvulsants or stimulants had higher volumes in tem-
poral association cortex (BA 22).
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Figure 1 Regions of reduced cortical volume in adolescents with bipolar disorder. The axial images (z= —34 mm, —26 mm, —10 mm and
—4mm Montreal Neurological Institute coordinate planes) show the regions of significantly decreased volumes in olfactocentric para-
limbic cortices in adolescents with bipolar disorder, relative to adolescent healthy controls. Statistically significant differences in grey matter
volume were defined as P < 0.001, with a cluster size of 100 adjacent voxels. The colour bar represents the range of T-values.

Table 1 Areas of reduced cortical volume in adolescents
with bipolar disorder compared with healthy control
adolescents

Cortical regions Cluster MNI coordinates T-values
(Brodmann area) size
X y z
Bilateral orbitofrontal 416 14 32 —-26 4.18
(11/47) 2 26 —-26 3.75
—14 20 —-26 3.58
Left orbitofrontal (47), 357 —-26 28 —12 4.12
left temporal pole (38) -26 20 —-36 4.07
—34 22 —34 393
Left orbitofrontal (47), 150 —52 20 0 3.90
left insula —46 22 —10 3.50
—-36 28 0 342
Right inferior frontal 643 54 20 30 4.24
(44/45), right insula
Right superior 46 14 -4 395
temporal (22) 52 -8 —6 3.88
Left cerebellum 162 —-42 —-42 —-36 3.89
—-52 —-48 —-38 3.78
Right cerebellum 130 32 —-40 -46 3.74
26 —40 -56 3.65
32 —-30 -—-34 356
Discussion

This study supports the presence of hypothesized decreases in
OPC volume in adolescents with bipolar disorder, compared with
healthy adolescents, including in orbitofrontal cortex, insula and
temporopolar cortices. Additional regions of decreased volume in
adolescents with bipolar disorder also included the inferior frontal
cortex, superior temporal gyrus and cerebellum.

The presence of structural abnormalities in the OPC in adoles-
cents with bipolar disorder implicates the OPC in the development
of the disorder. Childhood and adolescence are periods of signifi-
cant cortical development. Among prefrontal cortex regions, the
dorsolateral prefrontal cortex has often been the focus of studies
of development, demonstrating synaptic progression prior to

adolescence followed by regression during adolescence thought
to subserve the development of more adaptive behavioural control
(Goldman-Rakic, 1987; Bourgeois et al., 1994; Lewis, 1997). The
OPC structures have received less direct study in animal and
human models of child and adolescent development. The simila-
rities between OPC and dorsal prefrontal cortex development, and
the extent to which they occur in sequence or in parallel, have
been debated and remain unknown (Goldman-Rakic, 1987;
Machado et al., 2003). Changes demonstrated in OPC neural sys-
tems in models of adolescence include development of limbic con-
nections to paralimbic homologues in rat models of adolescence
(Cunningham et al., 2002). Structural and functional development
of orbitofrontal cortex have also been theorized to subserve the
maturation of emotional and social behaviours in adolescence
(Machado et al., 2003; Galvan et al., 2006). Less is known
about the development of the insular and temporopolar cortices,
though these structures subserve affective processes important in
bipolar disorder. For example, temporopolar cortex is associated
with the integration of sensory with affective processing
(Starkstein et al., 1990) and the insula is implicated in self-
reflection and monitoring of internal affective states (Damasio
et al., 2000; Shafritz et al., 2006; Modinos et al., 2009).

It cannot be determined from this study when in the course of
bipolar disorder the OPC abnormalities developed. We speculate
that the OPC abnormalities in bipolar disorder may reflect earlier
developmental differences. In embryonic development, OPC struc-
tures develop in concert, sharing cytoarchitectonic features and
connectivity (Mesulam, 2000; Schmahmann et al., 2006). They
develop around the allocortical olfactory cortex, shifting from
agranular to granular cortex with increased distance from the allo-
cortical core (Mesulam, 1985). Several post-mortem studies have
noted cellular differences in the OPC in bipolar disorder. For ex-
ample, differences in neuronal size and density, and glial number
and density in caudal orbitofrontal and subgenual prefrontal cortex
regions have been reported in bipolar disorder (Ongur et al.,
1998; Rajkowska, 2002; Cotter et al., 2005; Toro et al., 2006;
Bielau et al., 2007). It is not known how these cellular findings
may relate to development of the transition from agranular to
granular cortex in the OPC. We suggest that architectonic study
of the transitional cortex of these structures may hold important
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clues for understanding the developmental neuropathophysiology
of bipolar disorder.

We previously reported a progressive divergence in prefrontal
cortex volume in a longitudinal within-subject study of a small
sample of adolescents and young adults with bipolar disorder
over an approximately 2-year period (Kalmar et al., 2009c¢). The
prefrontal cortex regions found in the longitudinal study included
ventral prefrontal cortex regions and also extended to regions
more rostral to those reported herein. This suggests that differ-
ences in more rostral prefrontal cortex regions may be more prom-
inent in the later adolescent and early adult years. We did not
detect a significant effect of iliness duration or interaction between
diagnosis and age in this sample. We suggest that differences in
the more caudal, paralimbic prefrontal cortex may emerge earlier
than the more rostral ones. However, whether there are progres-
sive changes in OPC over adolescence cannot be determined from
the current cross-sectional study. Larger, prospective longitudinal
imaging studies of adolescents with bipolar disorder are needed.

Decreases in volume in orbitofrontal and temporopolar cortices
have been relatively consistent findings in adults with bipolar dis-
order (Kasai et al., 2003; Blumberg et al., 2006; Nugent et al.,
2006; Stanfield et al., 2009), supporting continuous differences
that persist from adolescence into adulthood in the disorder.
However, for the insula, although there have been findings of
volume decreases, including in recent meta-analyses (Ha et al.,
2009; Ellison-Wright et al., 2010), there have been reports of
no differences or increases (Kasai et al., 2003; Lochhead et al.,
2004; Ha et al., 2009; Ellison-Wright et al., 2010). This raises
questions about potential relationships with age in insula in bipolar
disorder. Longitudinal examination of orbitofrontal, insular and
temporopolar cortices, as well as more rostral cortices, and the
relative timing that differences in these subregions emerge, may
help to point towards underlying neurodevelopmental mechanisms
in bipolar disorder and understanding of age-dependent features
of regional differences.

Additional regions in which volume decreases were found in the
adolescents with bipolar disorder included the inferior frontal
gyrus, superior temporal gyrus, and the cerebellum. The inferior
frontal gyrus and superior temporal gyrus are proximal to OPC
regions and share substantial connections with them (Morecraft
et al., 1992). Functions of the inferior frontal gyrus include adap-
tive behavioural inhibition (Jonides et al., 1998). Differences in
inferior frontal gyrus volume have been reported previously in
studies of bipolar disorder (Lopez-Larson et al., 2002) and have
been associated with duration of illness, suggesting that changes
in inferior frontal gyrus may be the result of episodes. Rich et al.
(2008) reported abnormalities in connectivity to temporal associ-
ation cortex in paediatric bipolar disorder, suggested to contribute
to early abnormalities in misperception of social face cues in the
disorder. The cerebellum also has substantial interconnections with
the OPC (Anand et al., 1959; Snider et al., 1976; Ramnani, 2006),
has been implicated in affective functions, and cerebellar lesions
have been associated with manic-like symptoms (Yadalam et al.,
1985; Supple et al., 1987, 1988; Lauterbach, 1996; Schmahmann
et al., 1998; Tavano et al., 2007). Neuroimaging studies of bipolar
disorder have reported both structural and functional abnormalities
in the cerebellum (DelBello et al., 1999; Ketter et al., 2001;
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Strakowski et al., 2005; Malhi et al., 2007; Womer et al.,
2009b). The relationship between the development of these struc-
tures in bipolar disorder and whether they develop simultaneously
with, contribute to, or result from early OPC abnormalities is not
known.

Among the participants with bipolar disorder, no significant ef-
fects were detected for the presence or absence of psychotropic
medication on the regions that showed significant differences be-
tween the adolescent healthy control and bipolar disorder groups.
However, when explored with a less strict threshold, a trend was
noted towards higher OPC volumes in adolescents with bipolar
disorder prescribed medications than those not taking medications.
Lithium carbonate and anticonvulsants appeared to contribute to
orbitofrontal increases. This suggests that the volume decreases in
the adolescents with bipolar disorder were not due to medication.
It also suggests that medications may have the potential to at-
tenuate or reverse volumes deficits in adolescents with bipolar
disorder. These findings are consistent with preclinical studies of
neurotrophic and neuroprotective effects of these medications,
previous studies showing higher volumes as well as normalization
of functioning in ventral prefrontal regions in bipolar disorder in
association with lithium (Moore et al., 2000; Blumberg et al.,
2006), and higher mesial temporal volume and functional normal-
ization in adolescents and adults with bipolar disorder in associ-
ation with anticonvulsants (Blumberg et al., 2005; Chang et al.,
2005). While these data raise hopeful possibilities regarding the
potential of medications, as well as the interesting possibility that
different medication subtypes may have their most prominent ef-
fects in different OPC components, these data should be con-
sidered with caution. Our naturalistic study design with regard
to medication limits causal inferences that can be made about
the association of medication use with brain morphology in bipolar
disorder. Future systematic studies with randomized medication
assignment of specific medications are needed for more definitive
study.

While the distribution of the findings in OPC regions implicates
them highly in the social and emotional behaviours and neurove-
getative functions disrupted in bipolar disorder, direct associations
were not tested in this study. Future studies that directly assess
associations to regional brain dysfunction and behaviours are
warranted.

In conclusion, these findings suggest that abnormalities in OPC
in adolescence may contribute to the emergence of key compo-
nents of the bipolar disorder phenotype at this time in develop-
ment. The neurodevelopment of OPC has received little study.
The importance of the OPC in the development of emotional
and social behaviour in adolescence, and the support for a central
role for the OPC in the development of bipolar disorder, suggest
that study of OPC development in health and in bipolar disorder is
critically needed.
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