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Abstract
Objectives—Attention-deficit hyperactivity disorder (ADHD) is prevalent in patients with
bipolar disorder (BP), but very few studies consider this when interpreting magnetic resonance
imaging findings. No studies, to our knowledge, have screened for or controlled for the presence
of ADHD when examining cortical thickness in patients with BP. We used a 2 × 2 design to
evaluate the joint effects of BP and ADHD on cortical thickness and uncover the importance of
ADHD comorbidity in BP subjects.

Methods—The study included 85 subjects: 31 healthy controls, 17 BP-only, 19 ADHD-only, and
18 BP/ADHD. All patients with BP were subtype I, were euthymic, and were not taking lithium.
Groups did not differ significantly in age or sex distribution. We used cortical thickness measuring
tools combined with cortical pattern matching methods to align sulcal/gyral anatomy across
participants. Significance maps were used to check for both main effects of BP and ADHD and
their interaction. Post-hoc comparisons assessed how the effects of BP on cortical thickness varied
as a function of the presence or absence of ADHD.

Results—Interactions of BP and ADHD diagnoses were found in the left subgenual cingulate
and right orbitofrontal cortex, demonstrating that the effect of BP on cortical thickness depends on
ADHD status.

Conclusions—Some brain abnormalities attributed to BP may result from the presence of
ADHD. Diagnostic interactions were found in regions previously implicated in the
pathophysiology of BP, making it vital to control for an ADHD comorbid diagnosis when
attempting to isolate neural or genetic abnormalities specific to BP.
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Attention-deficit hyperactivity disorder (ADHD) is prevalent in adults with bipolar disorder
(BP) (1-4), with a reported comorbidity percentage ranging from 9.5% (5) to 19.4% (6).
Very few neuroimaging studies of patients with BP, however, consider the impact of ADHD
comorbidity on brain structure or function. Efforts are underway in the imaging genetics
field to identify brain measures which are typical of patients with a specific diagnosis but
amenable to large scale genetic analysis via genome-wide association (7). If such
endophenotypes are to serve as reliable proxies for diagnostic classifications, it is vital that
the patient groups from which they are derived are not confounded by comorbid conditions,
especially if those conditions may alter the brain phenotype. Unfortunately, the Structured
Clinical Interview for DSM-IV (SCID-IV) (8), which remains the most commonly used
diagnostic assessment tool in research studies of adults with psychiatric disorders, does not
include a specific assessment module for the presence of ADHD. Failing to assess or control
for the presence of ADHD in brain research of adults with BP could confound findings that
are attributed to a BP diagnosis, when they are in fact due to the effects of ADHD.

Existing studies have used structural imaging tools to compare patients with BP to healthy
controls across brain regions using cortical thickness or volumetric techniques. These
studies have reported gray matter deficits in the prefrontal cortex (PFC) and anterior
cingulate cortex (ACC), including the orbital frontal cortex (OFC) (9, 10), left dorsomedial
cortex (9, 10), left ventrolateral prefrontal cortex (VLPFC) (10, 11), left frontopolar cortex
(10, 12), and bilateral paracingulate cortex (13). Findings in the ACC are inconsistent, with
some studies indicating decreased gray matter in BP relative to controls (9-11, 14-16), others
showing increased gray matter in BP (17), and still others finding no detectable difference
between patients with BP and healthy controls (17-19). Of these structural studies, only one
controlled for ADHD (9).

Studies on adults with ADHD have used similar structural analysis tools, and have revealed
abnormalities in similar brain regions to those implicated in BP. Specifically, gray matter
deficits have been reported in the ACC (20-22) and the left OFC (23). One recent study
comparing adults with ADHD to healthy controls found ADHD to be associated with
increased cortical thickness in some regions of the PFC [specifically the OFC and right
dorsolateral prefrontal cortex (DLPFC)], and reduced cortical thickness in others
[specifically the VLPFC and portions of the bilateral DLPFC (24)]. Other studies have also
reported abnormalities in the DLPFC (20, 21, 25), superior frontal gyrus (26) and inferior
parietal lobule (25).

Despite this overlap of structural abnormalities, few studies have examined the effect of
comorbid ADHD on cortical thickness in patients with BP. To our knowledge, only one
structural imaging study has examined the effects of ADHD comorbidity on gray matter
volume abnormalities in adults with BP. This study reported that ADHD and BP contributed
additively to volumetric abnormalities in comorbid patients (27). Patients with BP had lower
volume (compared to controls) in the left OFC, regardless of an ADHD comorbidity, while
an ADHD diagnosis was associated with reduced gray matter in the overall frontal lobe,
superior PFC, right ACC and cerebellum, regardless of a BP comorbidity. These ADHD
main effects imply differences between BP patients with and without ADHD comorbidity
and suggest that it may be unwise to combine these subgroups when comparing BP patients
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to healthy controls. Only two functional magnetic resonance imaging (fMRI) studies have
examined how ADHD affects measures of brain function in patients with BP (28, 29). Of
these, only one study was carried out in adults. That study revealed a significant interaction
between the two diagnoses, meaning that comorbid (BP + ADHD) patients had neural
activation patterns that did not reflect the sum of BP-only and ADHD-only activation maps,
but rather had their own unique pattern of activation (29). The findings from these structural
and functional imaging studies emphasize the importance of controlling for ADHD
comorbidity when assessing neural abnormalities in patients with BP.

With only these few studies examining how ADHD affects brain structure or function in
patients with BP, it remains unclear (i) whether brain volume in patients with BP differs in
those with or without an ADHD comorbidity and (ii) whether brain differences seen in BP
patients comorbid for ADHD represent (i) an additive effect of the ADHD and BP neural
phenotypes or, (ii) an interaction between the ADHD and BP diagnoses, whereby the effect
of each of the two disorders on the neural phenotype depends on the presence of the other.
Either of these patterns would make it problematic to combine BP patients with and without
comorbid ADHD when trying to identify abnormalities attributable to BP. In this study, we
compared patients with BP alone, ADHD alone, a combined diagnosis (of BP and ADHD)
and healthy controls using cortical thickness measures. Specifically, we sought to determine
the nature of the joint effect (i.e., none, additive or interactive) of ADHD and BP on cortical
thickness.

We employed the cortical pattern matching (CPM) technique, which improves on traditional
registration approaches by using sulcal features to align corresponding anatomy across
participants, thereby localizing subtle differences in cortical brain structure across groups
(30). This technique has been previously used by our groups in studies of cortical thickness
in both patients with BP (10) and ADHD (31). Whole brain data were collected and
analyzed, with a focus on a priori regions of interest (ROIs) within the PFC and ACC. Given
that specific subregions within these broad ROIs carry significance for different
endophenotypes of both BP and ADHD, we extended our analysis to the more focal
Brodmann's areas (BA) within both the PFC and ACC. For example, both the function and
structure of the orbitofrontal cortex (consisting of BA 10, 11, and 47) has been of particular
interest to both our group (10, 32, 33) and others researching BP (34, 35). Thus we sought to
determine whether cortical thickness abnormalities in patients with BP varied according to
ADHD comorbidity status in the PFC and ACC, employing a detailed investigation into
each area's anatomically defined subregions. We hypothesized that there would be
differences resulting from either additive or interactive effects of the two diagnoses, between
comorbid BP/ADHD patients and BP-only patients. Specifically, we hypothesized there
would be differences between the BP and BP/ADHD groups in focal regions of the PFC and
ACC where neuroimaging studies have found structural abnormalities separately in both
disorders.

Methods
Participants

The study was approved by the University of California, Los Angeles (UCLA) and
Department of Veterans Affairs (VA) Greater Los Angeles Healthcare System Institutional
Review Boards. All participants provided written informed consent. Patients with a bipolar I
disorder diagnosis were recruited through the UCLA Mood Disorders Outpatient Clinic, the
Bipolar Disorders Outpatient Clinic of the VA Greater Los Angeles Healthcare System in
West Los Angeles, and through local advertising. Participants with an ADHD diagnosis
were recruited through UCLA's Adult ADHD outpatient clinic, local ADHD support groups,
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and local advertising. Healthy control participants were recruited by local advertising in
newspapers and campus flyers.

A total of 85 participants were included in the study, consisting of 31 healthy controls, 17
BP-only, 19 ADHD-only, and 18 comorbid BP/ADHD patients. The groups were balanced
on age and gender (Table 1). All participants were assessed using the SCID-IV (8) to
confirm a BP diagnosis. All subjects were screened for ADHD using the behavioral
disorders module of the Kiddie Schedule of Affective Disorders (K-SADS) (36), which had
been modified for adult populations.

Exclusion criteria for patients with BP included current use of lithium as lithium has been
demonstrated to affect gray matter structure (10, 37-39). Additionally, as mood state has
been reported to affect gray matter measurements (40-42), we excluded BP patients with a
current depression or mania, operationalized as having (i) a current mood episode based on
the SCID-IV, (ii) a 21-item Hamilton Depression Rating Scale (HAM-D-21) score > 7, or
(iii) a total Young Mania Rating Scale (YMRS) (43) score > 7. Additional exclusion criteria
for ADHD, BP, and comorbid patients included other current Axis I disorders. Healthy
control participants were excluded if they met criteria for any current or past psychiatric
diagnosis, had a history of substance abuse, or were currently receiving medications for
psychiatric reasons. Additional exclusion criteria for all groups included left-handedness,
untreated hypertension, neurological illness, metal implants, and a history of skull fracture
or head trauma with a loss of consciousness exceeding five minutes.

Data acquisition
All participants were scanned using a 1.5 Tesla (T) Siemens Sonata MRI scanner to obtain
contiguous sagittal high-resolution three-dimensional (3-D) magnetization-prepared rapid
gradient echo (MP-RAGE) T1-weighted images (160 slices; field of view = 256 mm;
isotropic voxel size = 1mm3; repetition time = 1.900 msec; echo time = 4.38 msec, flip angle
= 15 degrees; averages 4; total scan time = 8.14 min).

Data analysis
Demographic variables—Statistical analysis of demographic variables was performed
using PASW Statistics v.18.0.3 (www.spss.com). Group differences in categorical and
continuous variables were evaluated using chi-squared and analysis of variance models
(ANOVA), respectively. Alpha was set at 0.05. As age and gender are factors that impact
cortical thickness, they were controlled for as covariates in subsequent analyses to account
for their contribution to the variance even though they did not differ by group.

Image preprocessing—Image preprocessing consisted of (i) adjustment for head
position and transformation of data into a common stereotaxic coordinate system without
scaling (http://www.bic.mni.mcgill.ca/software); (ii) automated exclusion of non-brain
tissue and cerebellum (44); (iii) correction for magnetic field inhomogeneity artifacts (45);
(iv) resampling using isotropic voxels of size 0.33 mm to estimate cortical thickness with
subvoxel accuracy, and (v) use of a partial volume classification method to classify voxels
as gray matter, white matter, CSF, or non-brain (46).

Measurement of cortical gray matter thickness—Cortical thickness was computed
separately for each participant from preprocessed magnetic resonance images. Thickness
was defined as the shortest 3-D distance from the cortical white-gray matter boundary to the
hemispheric surface without crossing voxels classified as CSF. Specifically, an
implementation of the Eikonal equation was applied to voxels segmenting as cortical gray
matter to compute these distances (in millimeters) in a fully automated manner at each point
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along the cortical surface (30). A uniform spatial filter of a radius of 15 mm was applied
which additionally served to ensure that thickness values for gyri not separated by CSF
could not be misattributed. These methods produce thickness measurements that agree with
those in postmortem samples (47, 48) and are stable over time in validation studies using
short-interval repeat scans of multiple subjects (47).

Cortical pattern matching procedure—To allow for the comparison of cortical
thickness across subjects, cortical pattern matching methods were applied. Each participant's
T1 image was processed to create a 3-D surface model of the cortex using automated
software that deforms a spherical mesh surface to fit cortical surface tissue using a threshold
intensity value that differentiates extracortical CSF from brain tissue (49). Thirty-one
separate sulci per hemisphere were manually delineated on each participant's surface model.
Sulcal tracing was performed by a trained researcher, blind to participant characteristics,
using the MNI-Display software package (http://www.bic.mni.mcgill.ca/software) in
conjunction with a previously validated surface-based anatomical protocol (47). Tracer
reliability was confirmed using the 3-D root mean square difference (in millimeters)
between sulci in a set of six test brains and those of a gold standard set. A disparity of less
than 2 mm between the test and gold standard brains was used as the reliability threshold for
all landmarks.

To align sulcal/gyral anatomy, warping algorithms were used to compute the amount of shift
in the x, y, and z directions needed to explicitly match each sulcus in every participant to
that of the average anatomical study template (generated from patients and healthy
comparison subjects, combined) (30). Cortical pattern matching algorithms were then used
to associate the same parameter space coordinates across participants without actually
changing the dimensions of the cortical surface models. This process reparameterized
individual cortical models so that corresponding anatomy across participants bore the same
coordinate locations.

Statistical analyses of cortical thickness—We used the R-programming language
(http://www.r-project.org/) to fit, at each cortical surface point, a general linear model
(GLM) with main effects of ADHD and BP diagnoses and their interaction, controlling for
age and sex. This allowed us to produce uncorrected thresholded significance maps,
projected onto a 3-D group averaged hemispheric surface model, showing the joint effects of
BP and ADHD diagnoses on cortical thickness. Our primary objective was to determine
whether there were significant differences between BP alone and BP/ADHD patients, which
could occur if there were either (i) an interaction between BP and ADHD status or (ii) a
main effect of ADHD.

After obtaining the uncorrected two-tailed probability maps described above, regional
corrected p-values for both interactions and main effects were obtained via permutation
testing, both on the overall PFC and ACC and on individual BAs within these regions (BA
44–47 and 8–11 in the PFC; BA 24, 25, 32, and 33 in the ACC) which were anatomically
defined using a deformable BA Atlas (50) previously employed by our group (10).
Permutation testing works by randomly shuffling group memberships a large number of
times (in this study, 10,000 times) to measure the distribution of diagnostic features in the
statistical maps that would be observed by accident. It yields p-values for each region that
are corrected for multiple comparisons across the surface points within that area. We
included the overall tests for the PFC and ACC in our analyses for completeness since these
were our global regions of interest. However, our previous work has suggested that effects
are often localized to discrete areas within these regions. Moreover, interaction effects tend
to be smaller than main effects and are thus more likely, if they are localized, to be washed
out in an overall regional test. Since our primary interest was in these localized effects, we
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performed the tests in the individual BAs regardless of whether the overall tests for the PFC
and ACC were significant.

Tests for interactions were run first. In regions with significant interactions, we performed
post-hoc pair-wise comparisons to better understand the how the magnitude and direction of
the effects of BP on cortical thickness vary depending on ADHD status, and in particular to
determine whether or not there was a significant difference between BP subjects with and
without the comorbidity. In regions without significant interactions we tested for main
effects of the disorders since even an additive effect of ADHD would imply a difference
between BP subjects with and without the comorbidity. The reported p-values are
unadjusted except for the permutation correction for multiple comparisons across voxels.
We used a two-tailed significance level of α = .05 as the threshold for identifying effects of
interest but clearly specify which subregions survived a Bonferroni correction for the
number of BAs within each global region of interest (as defined above, totaling eight BAs
for the PFC and four for the ACC.) Results for BAs that do not survive this correction
should be considered preliminary, although we note that the Bonferroni correction is
probably substantially over-conservative as tests within the same overall region will not be
independent. Comparisons of cortical thickness outside our a priori regions of the PFC and
ACC were also treated as exploratory and thus should be further investigated in future
studies.

Results
Participants

Groups did not differ significantly in age [F(81,3) = 0.23, p = 0.88] or sex [χ2(3) = 0.15, p =
0.99]. Additionally, BP subgroups (BP-only, comorbid BP/ADHD) did not differ
significantly in YMRS [F(33,1) = 3.39, p = 0.07], or HAM-D-21 scores [F(31,1) = 0.18, p =
0.68]. ADHD subgroups (ADHD-only, comorbid BP/ADHD) also did not differ
significantly in YMRS [F(35,1) = 3.67, p = 0.06] or HAM-D-21 scores [F(34,1) = 0.02, p =
0.88]. This and other clinical and demographic information on subjects are presented in
Table 1.

Cortical thickness analyses
Interaction analyses—As anticipated, we did not find significant interactions between
ADHD and BP diagnoses for the PFC and ACC overall. However, localized interactions
were found within both these ROIs, specifically, in the right orbitofrontal cortex (BA47, p =
0.037) in the PFC and in the left subgenual cortex (BA25, p = 0.013) of the ACC (Table 2,
Fig. 1A). As discussed in our methods, these p-values, as well as any subsequent p-values
reported, are corrected for comparisons across surface points within the given region. This
latter interaction survives a Bonferonni correction for multiple comparisons for the four
subregions examined within the ACC (BA 24, 25, 32, and 33). The interaction in right BA47
does not survive a Bonferroni correction. However, the PFC is an extremely broad region,
and previous work from our group (10, 32, 33) and others (34, 35) has specifically
implicated BA47 as an area with functional and structural abnormalities in patients with BP.
We therefore consider this finding to be noteworthy.

To better understand the nature of these interactions, and in particular to determine whether
abnormalities in cortical thickness in these regions differ between BP individuals with and
without comorbid ADHD, we conducted post hoc subgroup comparisons in both BA25 and
BA47. Post-hoc subgroup comparisons of BA25 revealed that in the absence of an ADHD
comorbidity, there was no significant effect of a BP diagnosis on cortical thickness (p >
0.10). However, when comorbid with ADHD, a BP diagnosis was associated with trend
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level cortical thinning, relative to BP patients without ADHD, in BA25 (p = 0.07) (Fig. 1B).
For BA47 our results indicated that BP diagnosis was associated with significant cortical
thinning (p = 0.05) (Fig. 1C) in the absence of an ADHD comorbidity. However, when
comorbid with ADHD, a BP diagnosis was not associated with thinning in this region (p >
0.10) (Fig. 1C). A non-comorbid diagnosis of ADHD was not associated with abnormalities
in BA47 cortical thickness.

Main effects analyses—Next we examined main effects of BP and ADHD (Fig. 2). Main
effects analyses examine the effects of the two diagnoses separately, comparing all subjects
with a BP diagnosis to all subjects without a BP diagnosis (Table 3, Fig. 2A) or comparing
all subjects with an ADHD diagnosis to all subjects without an ADHD diagnosis (Table 4,
Fig. 2B). These analyses were performed in the overall PFC and ACC and in BAs without
evidence of a significant interaction. They were not performed for BA47 and BA25 since the
significant interactions in those regions imply the effects of BP and ADHD are
interdependent and cannot be assessed separately. This analysis was important because, even
without an interaction, a main effect of ADHD would mean that there were significant
differences between comorbid BP/ADHD and BP-only patients, making it unwise to
combine these two subgroups for comparisons with healthy controls.

Patients with BP demonstrated overall cortical thinning in the PFC (left: p = 0.007, right: p =
0.02) and left ACC (p = 0.03). Permutation analysis of the BA's within these broader ROI's
revealed that the effect in the PFC was driven by thinning in left BA9 (p = 0.04) as well as
bilaterally in BA10 (left: p = 0.007; right: p = 0.04) and BA11 (left: p = 0.003; right: p =
0.002). BA24 (p = 0.03) and BA32 (p = 0.04) drove the main effect in the left ACC. The
significant effects on the overall a priori ROIs protect against the need for multiple
comparisons in the follow-up tests of the individual subregions. However, we feel it is worth
noting that the effect seen in BA11 was particularly robust and would in fact survive a
Bonferroni correction for the eight BAs in the PFC, which reduced the significance
threshold to 0.006 (0.05/8) (see Table 3). We did not observe any main effects of ADHD in
either the PFC or ACC or their respective subregions. However, additional, exploratory
analyses outside of these regions showed cortical thickening in some areas and cortical
thinning in others (Table 4, Fig. 2B).

Discussion
In this study, we examined how cortical thickness abnormalities in patients with BP vary
according to the presence or absence of ADHD. Existing structural and functional brain
imaging studies of adults with BP have, for the most part, neglected the potential importance
of accounting for ADHD comorbidity when examining neural abnormalities. Several of our
key findings support the importance of accounting for comorbid ADHD in structural
neuroimaging studies of patients with BP. Interaction and pairwise analyses between groups
revealed that the effect of BP on cortical thickness was different in patients with and without
ADHD comorbidity in the right lateral OFC (BA47) and the left subgenual cingulate
(BA25). The effects of BP and ADHD in these regions were found to be not additive, but
rather interdependent, resulting in a unique phenotypic signature for the comorbid diagnostic
group. However, in other subregions of the PFC (BA 8, 9, 10, and 11) and ACC (BA 24, 32,
and 33), the effect of a BP diagnosis on cortical thickness was not changed by ADHD
comorbidity status.

In the right lateral OFC (BA47), BP was associated with significant cortical thinning only in
the absence of an ADHD diagnosis; however, in the presence of ADHD no such cortical
thinning was detected. Results from prior studies of BP examining cortical thickness of the
lateral OFC of the prefrontal cortex are variable (9, 10, 51, 52). Our findings suggest the
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possibility that a varying proportion of subjects with a comorbid ADHD diagnosis in each of
these studies could account for this inconsistency. One recent study showed increases in
cortical thickness in adults with ADHD in the PFC (24) which, when combined with the
cortical thinning associated with BP, may explain in our study the non-significant difference
in the comorbid BP-ADHD relative to controls.

The interaction findings in left BA25 showed that BP-only patients did not differ from
healthy controls in this region, but that the presence of ADHD and BP together was
associated with cortical thinning relative to the ADHD-only group. Similar to the findings in
BA47, BA25 has been previously reported to be anatomically and functionally abnormal in
some studies of patients with BP (14, 17, 53, 54), but not in others. The interaction effect in
BA25, and subsequent comparisons demonstrating no significant difference between the BP-
only group and healthy controls in this region, again suggests that the discrepancy in results
from prior studies could be due to differences in the proportion of patients in each study
with an ADHD comorbidity. We would like to note, however, that the thinning associated
with BP in the presence of ADHD was only trend-level significance, a finding that may or
may not remain significant with larger population samples. Other studies using larger
samples report reduced gray matter volume in BA25 in patients with BP (14, 33), suggesting
that the trend level significance in our findings may simply be due to a lack of power.
Interestingly, a follow-up analysis that included K-SADS scores for ADHD and comorbid
patients (calculated by combining the hyperactive and inattentive scores) revealed that the
initial trend level (p = 0.07) thinning of comorbid patients relative to ADHD-only patients
reached significance (p = 0.04) when ADHD severity was accounted for in the model.
Regressing the values out of the model gave us the important comparison of cortical
thickness measurements in ADHD and comorbid patients with the same symptoms.

Our findings of significant interactions show that ADHD has non-uniform effects on the
cortical thickness of BP patients. In BA47, the presence of ADHD eliminates the cortical
thinning associated with BP relative to controls. On the other hand, BP is only associated
with cortical thinning in BA25 when ADHD is present. This again suggests that a comorbid
diagnosis is not merely represented by the overlaying of the cortical abnormalities
associated with BP and ADHD separately, but rather that individual brain regions are
differentially affected by the comorbid diagnosis.

Mood disorders are typically associated with dysfunction in a network such as the
corticolimbic circuit, which includes both the subgenual cingulate and the lateral
orbitofrontal cortex. It is striking that both regions of interaction are found in the
corticolimbic circuit. Future research is necessary to further investigate the nature of these
interactions. It's is possible that the interaction of BP and ADHD in BA25 disrupts the
corticolimbic circuitry in a way such that cortical thinning in BA47 associated with BP is
strengthened. For example, given that both regions are involved in inhibition, perhaps the
weakening of the corticolimbic projections from one region strengthens those from another
as a compensatory mechanism. We acknowledge that this is speculative and clearly more
work needs to be done, with larger populations samples, to investigate this relationship. In
addition, the differential interaction of ADHD and BP on brain structure raises questions
about the problems associated with strictly phenotypically defined diagnoses. Although
outside of the scope of this paper, the non-uniform effect of ADHD on the cortical structure
of patients with BP may be representative of the diagnostic classification problems currently
facing the scientific community.

Main effects analyses revealed cortical thinning associated with a BP diagnosis, regardless
of ADHD comorbidity, in certain PFC regions (BA10, BA11, and left BA9) and the left
ACC (BA24 and BA32). Our finding of cortical thinning in these areas is consistent with
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previous studies in BP (9, 10, 13, 55, 56). Of particular interest is the robust main effect
found in the medial OFC (BA11) since a recent fMRI study by our group examining the
effects of a comorbid diagnosis on BOLD signal also revealed a BP main effect (in this case,
of hypoactivation) in BA11 (29). This may serve as evidence that functional and structural
abnormalities in BA11 are hallmark features of BP.

To our knowledge, only one other study has examined how brain structure in adults with BP
varies in the presence of ADHD. That study found that ADHD and BP contributed
additively and selectively to brain structure, resulting in a comorbid phenotype comprised of
the abnormalities found separately in each individual disorder (27). Our maps extend these
prior findings by suggesting that, in some regions, the impact of a BP/ADHD comorbidity is
not simply additive but may be reflective of an interactive effect, resulting in a distinct
neural signature. Two previous fMRI studies evaluating BP patients with ADHD
comorbidity similarly have found differences in neural signatures between ADHD/BP
patients and patients with BP-only (28, 29). Adler et al. reported that a BP/ADHD diagnosis
in adolescents is associated with hyperactivation of the posterior parietal cortex and middle
temporal gyrus, as well as hypoactivation of the PFC and ACC, when compared to BP-only
patients (28). In another study by our group, Townsend et al. (currently under review) found
interaction effects in the anterior and posterior cingulate, left medial and middle frontal gyri,
left inferior parietal lobule, precuneous and striatum, suggesting that the neural effects of BP
vary in relation to the presence or absence of ADHD (29). These studies together suggest
that ADHD comorbidity must be considered in neuroimaging analyses.

The etiology of cortical thinning in patients with BP remains to be determined. It may reflect
fewer neurons, a reduction of glia without a loss of neurons, or an increase in white matter
myelination rather than gray matter reduction (57, 58). Any of these structural abnormalities
may affect the function of not only the structurally abnormal brain region (59), but also
those regions to which it projects (60). Many brain regions implicated in our interaction and
main effects analyses are part of an anterior limbic network. Functional deficits in portions
of this network are associated with the emotional dysregulation characteristic of BP (32,
61-66). For example, the lateral OFC (BA47) and medial OFC (BA11) (where abnormalities
were associated with BP in our analyses) have direct and indirect reciprocal projections to
regions within the limbic circuit, including the amygdala, anterior temporal cortex
(BA38/20), ACC (BA24/32) and subgenual cingulate (BA25) (61, 62).

Although not included in our a priori hypothesis, the left fusiform gyrus (BA37) and the
bilateral superolateral cortex (BA20) in the inferior temporal lobe also showed an interaction
between BP and ADHD (Table 2). Strakowski et al. (64) recently found blunted fusiform
gyrus responses in manic patients with BP during an emotional response task when
compared to healthy control subjects. Nomura et al. (67) reported a negative correlation
between activation in the fusiform gyrus and amygdala. To our knowledge, there are no
studies directly examining the relationship between the fusiform gyrus and amygdala in BP,
although this may be useful to evaluate in future studies. In further analysis of the
interaction effect found in BA20, we found that the presence of ADHD was associated with
an increase in the magnitude of the BP effect in this region. BA20 projects to the lateral
OFC (BA47), suggesting that abnormalities BA20 may contribute to the dysfunction of the
anterior limbic network. The effect of BP on cortical thinning in this region may explain
why in this study the presence of ADHD was not associated with any BA47 cortical thinning
in patients with BP relative to controls.

The current study has several strengths in its design. First, no participants were currently
taking lithium. Second, all BP patients were euthymic at the time of scanning. In prior
structural studies of BP, only four of these studies controlled for patient use of lithium (10,
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15-17), and only two of these studies explicitly controlled for mood state and BP subtype
(10, 68). Gray matter volume may increase in as little as four weeks post lithium treatment
(69). Further, significant differences have been found in gray matter volume between
patients with BP treated with lithium and those who were not (37). The impact of mood state
on gray matter measures has also been reported, with a depressed mood state being
associated with gray matter deficits relative to patients in a euthymic state (40-42).

There are some limitations, however, in the current study. First, while none of the patients in
this study were currently taking lithium, many were on other medications, including
anticonvulsants, antipsychotics, and stimulants. The effects of these medications on brain
structure are not clearly known. One study has reported that antipsychotics do not affect
cortical thickness (70), although others have found a medication effect (71). Some studies
have reported that stimulants have no effect (72, 73) while others have reported an
association with a deficit in gray matter (74-76). Second, it has been suggested that
reductions in gray matter may occur as a consequence of affective episodes rather than as a
result of aging (77). As the previous number of episodes correlates with illness duration and
age, we could not disentangle these effects. However, the number of episodes did not differ
significantly between BP patients with and without ADHD and therefore could not by itself
account for our findings. In addition, there has been some evidence that gray matter volume
scales with brain size. We find it unlikely that brain size significantly contributes to our
findings since the aforementioned study reported the exponent factor of cortical thickness
scaling to brain size as less than one third, identifying a much stronger relationship between
cortical surface area and brain size (78). In addition, a postmortem study found no
correlation between brain size and cortical thickness, again reporting that increases in gray
matter volume with brain size are attributable to cortical surface area (79). However, as an
extra precaution, we re-examined regions identified as having either a significant interaction
or main effect and found that while controlling for total brain volume could shift the p-value
slightly in either direction (depending on the region in question), it did not affect the
statistical significance of any findings. Last, a larger subject pool for each of our patient
groups would have been ideal; it is possible that there are other regions of interaction or
main effects that may not have been detected here due to insufficient power. None-the-less,
the findings here underscore the importance of properly distinguishing between BP and
ADHD diagnoses, and we hope that they will be expanded upon with larger subgroups in
future studies.

In conclusion, this is one of the first studies, to assess interactions of BP and ADHD
diagnoses on brain structure. Interactions, which were present in the left subgenual cingulate
and right orbitofrontal cortex, suggest that the effect of BP on cortical thickness in these
regions varies according to the presence or absence of ADHD. An accurate depiction of the
underlying neural phenotype of BP, as opposed to that of a combined BP/ADHD diagnosis,
is essential for the understanding of the pathophysiology of BP and developing targeted
treatment approaches.
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Fig. 1.
Regions of interaction between bipolar disorder (BP) and attention-deficit hyperactivity
disorder (ADHD) diagnoses. BA = Brodmann's area; CON = controls. *Indicates significant
differences (p < 0.05) in cortical thickness between groups. **Indicates trend level
differences (p < 0.10) in cortical thickness between groups.
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Fig. 2.
Significance maps of cortical thickness associated with main effects and subgroup
comparisons.
aThe color bar reflects the p-value associated with comparisons using the general linear
model performed at each cortical surface point. Main effects of (A) groups with bipolar
disorder (BP) [BP-only and BP/attention-deficit hyperactivity disorder (ADHD)] versus
those without BP (ADHD-only and controls), where p < 0 (blue/purple) signifies regions in
which the presence of BP is associated with cortical thinning, and (B) groups with ADHD
(ADHD-only and BP/ADHD) versus those without ADHD (BP-only and controls), where p
< 0 signifies regions in which the presence of ADHD is associated with cortical thinning,
and p > 0 (red/yellow) is associated with increased cortical thickness. Pairwise comparisons
of (C) BP-only versus healthy controls, where p < 0 indicates regions in which BP-only was
associated with cortical thinning relative to controls, and (D) ADHD-only versus BP/
ADHD, where p < 0 indicate regions in which BP/ADHD is associated with cortical
thinning relative to ADHD-only.
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Table 2

Frontal and temporal lobe subregions demonstrating an interaction between bipolar disorder and attention-
deficit hyperactivity disorder

Cortical region Hemisphere BA p-value
a

Anterior cingulate cortex

    Subgenual cingulate cortex Left 25
0.01

b

Prefrontal cortex

    Lateral orbital cortex Right 47 0.04

    Ventrolateral cortex Right 45 0.09

Inferior temporal cortex

    Superolateral cortex Left 20 0.02

Right 20 0.003

    Fusiform gyrus Left 37 0.04

BA = Brodmann's area.

a
Two-tailed significance levels obtained from permutation testing after controlling for age and gender, corrected for comparisons across voxels

within the BA.

b
Indicates survival of Bonferroni correction for multiple comparisons.
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Table 3

Cortical regions for which a main effect of bipolar disorder was associated with cortical thinning

Cortical region Hemisphere BA p-value
a

Prefrontal cortex

    Orbital cortex Left 11
0.003

b

Right 11
0.002

b

    Ventrolateral cortex Left 44 0.05

    Frontopolar cortex Left 10 < 0.01

Right 10 0.04

    Dorsomedial cortex Left 8 0.02

Right 8 0.02

Left 9 0.00

    Superolateral cortex Left 6 0.03

Right 6 0.03

Anterior cingulate cortex

Left 24 0.03

Left 32 0.04

Inferior temporal cortex

    Superolateral cortex Left 20 0.003

Right 20 < 0.01

    Superior temporal cortex Left 38 < 0.01

Right 38 0.002

    Medial temporal cortex Left 21 0.02

Right 21 0.02

Inferior parietal cortex

    Angular gyrus Left 39 0.04

    Supramarginal gyrus Left 40 0.01

Occipital lobe Right 18 0.01

Right 19 < 0.01

BA = Brodmann's area.

a
Two-tailed significance levels obtained from permutation testing after controlling for age and gender, corrected for comparisons across surface

points within the BA.

b
Indicates survival of Bonferroni correction for multiple comparisons.
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Table 4

Cortical regions for which a main effect of attention-deficit hyperactivity disorder (ADHD) was associated
with either increased or decreased cortical thickness

Cortical region Hemisphere BA p-value
a

Main effect of ADHD associated with increased cortical thickness

Inferior temporal cortex

    Perirhinal cortex Left 35 0.04

Main effect of ADHD associated with decreased cortical thickness

Superolateral parietal cortex

    Angular gyrus Left 39 < 0.01

Right 39 0.02

    Occipital lobe Left 19 0.04

Right 19 0.04

BA = Brodmann's area.

a
Two-tailed significance levels obtained from permutation testing after controlling for age and gender, corrected for comparisons across surface

points within the BA.
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