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Objectives—The absence of pathophysiologically relevant diagnostic markers of bipolar
disorder (BD) leads to its frequent misdiagnosis as unipolar depression (UD). We aimed to
determine whether whole brain white matter connectivity differentiated BD from UD depression.
Methods—We employed a three-way analysis of covariance, covarying for age, to examine
whole brain fractional anisotropy (FA), and corresponding longitudinal and radial diffusivity, in
currently depressed adults: 15 with BD-type I (mean age 36.3 years, SD 12.0 years), 16 with
recurrent UD (mean age 32.3 years, SD 10.0 years), and 24 healthy control adults (HC) (mean age
29.5 years, SD 9.43 years). Depressed groups did not differ in depression severity, age of illness
onset, and illness duration.
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Results—There was a main effect of group in left superior and inferior longitudinal fasciculi
(SLF and ILF) (all F ≥ 9.8; p ≤ .05, corrected). Whole brain post hoc analyses (all t ≥ 4.2; p ≤ .05,
corrected) revealed decreased FA in left SLF in BD, versus UD adults in inferior temporal cortex
and, versus HC, in primary sensory cortex (associated with increased radial and decreased
longitudinal diffusivity, respectively); and decreased FA in left ILF in UD adults versus HC. A
main effect of group in right uncinate fasciculus (in orbitofrontal cortex) just failed to meet
significance in all participants but was present in women. Post hoc analyses revealed decreased
right uncinate fasciculus FA in all and in women, BD versus HC.
Conclusions—White matter FA in left occipitotemporal and primary sensory regions supporting
visuospatial and sensory processing differentiates BD from UD depression. Abnormally reduced
FA in right fronto-temporal regions supporting mood regulation, might underlie predisposition to
depression in BD. These measures might help differentiate pathophysiologic processes of BD
versus UD depression.
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Bipolar disorder (BD) is one of the top 10 most debilitating of all illnesses. Yet, the absence
of biologically relevant diagnostic markers of BD results in misdiagnosis of the illness as
recurrent UD in 60% of BD individuals seeking treatment for depression, leading to
inadequate treatment that promotes switching to mania and worsens illness outcome (1), a
15% suicide rate, and direct annual costs in the US of $7.6 billion (2). It is therefore crucial
to society and the well-being of all individuals with BD that objective markers of BD are
identified to help distinguish BD from UD as early as possible in the lifetime of these
individuals. A first stage toward this ultimate goal is the identification of objective
biological markers reflecting pathophysiologic processes that might differ between BD and
UD depression.
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Examination in BD adults of structural and functional measures of neural circuitry
supporting emotion regulation and the extent to which these measures might distinguish BD
from UD depression is one promising study that has potential to increase understanding of
pathophysiologic processes that might differ between BD and UD depression. We
previously found in BD adults, with diffusion tensor imaging (DTI) and fractional
anisotropy (FA), a measure of the structural integrity of brain white matter (WM), abnormal
fiber alignment in right and left WM tracts connecting orbitomedial prefrontal cortical and
limbic regions implicated in mood regulation (3) that parallels findings of previous studies
demonstrating abnormal FA in prefrontal cortical regions in BD adults and adolescents (4–
12). We also recently showed different patterns of abnormal functional (effective)
connectivity between bilateral orbitomedial prefrontal cortical and limbic regions during
positive emotion processing in BD and UD depressed adults (13), with BD depressed
showing abnormal bilateral connectivity and UD depressed showing abnormal left-sided
effective connectivity between these regions. Although previous studies reported abnormal
prefrontal cortical-limbic WM connectivity in UD depression across the lifespan (14–23),
the extent to which patterns of WM connectivity between prefrontal cortical and limbic
regions can differentiate BD from UD depression remains unknown.
A further consideration is that interpretation of FA changes in pathological groups can be
challenging, because these changes can be interpreted as one of several possibilities,
including alterations in longitudinally/obliquely oriented fibers ratio, in axonal integrity, in
tightness of axonal packing, in permeability of myelin sheaths, or abnormality of one set of
fibers in a large group of intersecting fiber pathways. Recently, it was suggested that
eigenvalues might represent more specific relationships to WM pathology. For example,
radial diffusivity seems to be modulated by myelin in WM, whereas longitudinal diffusivity
is more sensitive to axonal degeneration (24–26).
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In the present study we therefore aimed to compare whole brain WM connectivity—with
FA, longitudinal and radial diffusivity measures—in the same BD and UD depressed adults
as in the aforementioned effective connectivity study as a first step toward identifying WM
connectivity abnormalities that might help differentiate BD from UD depression. This would
then allow future studies to examine the extent to which the combination of effective and
WM connectivity measures could be used to discriminate BD from UD depression in
independent samples of BD and UD depressed individuals. Our previous findings allowed us
to hypothesize that BD and UD depressed adults would be distinguished by patterns of
amygdala-orbitomedial prefrontal WM connectivity, specifically with BD depressed adults
showing abnormal bilateral WM connectivity and UD depressed adults showing abnormal
left-sided, WM connectivity between these regions. Our whole brain analytic approach also
allowed us to examine the extent to which WM connectivity in other regions over the whole
brain distinguished BD from UD depression.
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Methods and Materials
Participants
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We recruited 15 currently depressed individuals with BD and 16 currently depressed
individuals with recurrent UD (mean age [SD] = 36.3 [12.0] years and 32.9 [10.0] years,
respectively; age range 18–54 years) on the basis of standardized diagnostic criteria for these
illnesses (27) and a 25-item Hamilton Rating Scale for Depression (28) (25-HDRS) (score ≥
13; mean 25-HDRS [SD] = 21.9 [6.3] and 25.1 [5.5], respectively). Each depressed group
had previously participated in our effective connectivity study (13); these two depressed
groups were matched for depression severity (t = –1.5, p = .137), illness duration (t = .1, p
= .994), illness onset age (t = .8, p = .397), age (t = .9, p = .392), gender ratio (χ2 = 1.9, p = .
165), and lifetime history of drug and/or alcohol abuse/dependence (χ2 = 2.3, p = .311).
Total medication load (29) differed between groups (t = 3.1, p = .004), because individuals
were being treated specifically for either BD or UD depression (Table 1). Twenty-four
healthy control adults (HC) (mean age [SD] = 27.7 [8.6] years, M/F = 9/15) with no
previous psychiatric history (on the basis of Structured Clinical Interview for DSM-IV—
Patient Edition criteria) or psychiatric history in first- and second-degree relatives
participated in the study. The HC were not significantly different in gender-ratio but were
younger than BD and UD depressed adults (t = 2.4, p = .023 and t = 1.7, p = .089,
respectively) (Table 1). Sixteen of these HC had previously participated in our effective
connectivity study (13). All participants were right-handed. The BD and UD depressed
adults were alcohol and substance abuse/dependent-free for a minimum of 2 months before
participation in the study. Lifetime history and/or current alcohol and illicit substance abuse
(determined by saliva and urine screen, respectively) were exclusion criteria for HC. All
participants gave informed consent after explanation of the nature and possible
consequences of the study.
DTI Data Acquisition and Analyses
Magnetic resonance imaging (MRI) scans were acquired with a 3T Siemens Magnetom
Allegra syngo MR-2004A (Siemens, Malvern, Pennsylvania). Diffusion tensor data were
acquired with an axial diffusion weighted single-shot spin-echo planar imaging sequence,
parallel to the anterior–posterior commissure line (repetition time = 4400 msec, echo time =
76 msec, bandwidth 1860 Hz/Px, flip angle = 90, field of view = 200 × 200 mm2, 33 3-mmthick slices, no-gaps, matrix size = 80 × 128, echo planar imaging factor = 128; acquisition:
72-inch/16-inch). Two b values were used: one b = 0 (no-diffusion weighting) image and six
non-coplanar b = 850 sec/mm2 (diffusion-weighting b-value) images were acquired.
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One problem for DTI is that analysis is compromised by the use of standard registration
algorithms, so that there is no satisfactory solution to the question of how to align FA
images from multiple subjects in voxelwise analysis (30). A recent advance is the
development of tract-based spatial statistics (TBSS), an automated observer-independent
method of aligning FA images from multiple subjects to allow groupwise comparisons of
DTI data (30–31). The TBSS also focuses upon the WM skeleton (i.e., the most compact
whole brain WM).
Data were transferred to a Unix-based workstation. Diffusion-weighted images (DWI) were
analyzed with the FMRIB (Functional Magnetic Resonance Imaging of the Brain) Software
Library (FSL) (http://www.fmrib.ox.ac.uk/fsl). First, data were inspected for motion
artifacts, then DWI were registered to the b = 0 image, as a reference, by affine
transformations to minimize distortions due to eddy currents and reduce simple head motion,
with Eddy Current Correction. Images were extracted with the Brain Extraction Tool (32),
part of the FSL package (33). A diffusion tensor model was fitted at each voxel, providing a
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voxelwise calculation of FA (34). Whole brain voxelwise analysis of FA data were
performed by first aligning each subject's FA-image into a higher-resolution FA standard
space (Montreal Neurological Institute [MNI] atlas), according to a nonlinear registration
algorithm, implemented in TBSS v. 1.2 (30,31). The derived mean FA image was
minimized to generate a template-skeleton embodying the center of all tracts derived from
the whole group. An FA ≥ .20 threshold was set to exclude peripheral tracts that might lead
to erroneous interpretations due to anatomic intersubject variability and/or partial volume
effects with gray matter. To examine between-group differences in FA, the preprocessed
data were entered into a whole brain voxelwise analysis (Randomize vs. 2.1; http://
www.fmrib.ox.ac.uk/fsl/randomise/index.html). This is a permutation program enabling
modeling and inference with standard “general linear model” design and nonparametric
independent t tests (permutation method, n = 5000, no smoothing factor, t and F ≥ 2).
Independent and simultaneous whole brain voxelwise tests increase the precision of findings
in terms of clusters but also lead to increase in chance that at least one test is incorrect: the
probability-α-of having at least one error (Type I) greater than the probability of an error on
an individual test. Therefore, traditional cluster thresholding and threshold-free cluster
enhancement (TFCE) were also employed (p < .05). If between-group differences did not
reach statistical threshold with traditional cluster thresholding or TFCE, a Monte Carlo
simulation with the αSim approach (http://afni.nimh.nih.gov/pub/dist/doc/manual/
AlphaSim.pdf) was conducted on uncorrected F and t statistical maps (p ≤ .001), obtaining a
dual thresholding of both Type I error (α; p ≤ .05) and cluster-size thresholding (CST). The
αSim first generates a random image having spatially uncorrelated voxels and convolves
this image with a Gaussian function, simulating the effect of voxel correlation. Then, by
examining the whole brain WM-skeleton defined in the preceding text, it scales the resulting
image to provide the specified voxel probability threshold and to identify which activated
voxels belong to clusters. With the αSim approach, we were therefore able to obtain a
reasonable correction (p < .05) for multiple tests and greatly enhanced the power of multiple
statistical tests.
The most probable anatomical localization of each cluster showing significant betweengroup differences in FA was determined with the FSL atlas tool (http://www.fmrib.ox.ac.uk/
fsl/fslview/atlas-descriptions.html), with all anatomical templates (Harvard-Oxford cortical
and subcortical structural atlases, Jülich histological atlas, JHU DTI-based white-matter
atlases, Oxford thalamic connectivity atlas, Talairach atlas, and MNI structural atlas).
Whole Brain Between-Group FA Analyses and Longitudinal and Radial Diffusivity
Measures

NIH-PA Author Manuscript

The primary whole brain FA analysis focused on a 3-way analysis of covariance (age as
covariate) among BD depressed adults, UD depressed adults, and HC. Post hoc whole brain
analyses were performed, directly contrasting BD depressed and UD depressed adults as
well as BD depressed adults and HC and UD depressed adults and HC, to determine the
extent to which the main effect of group upon FA reflected FA abnormalities between each
depressed group and each depressed group and HC.
We also examined eigenvalues as validated measures of longitudinal and radial diffusivity
(24,25) in WM regions showing significant between-group differences in FA. We did not
perform whole brain analyses of these two diffusivity measures, because the specific
purpose of examining these additional analyses was to inform interpretation of our main
findings regarding between-group differences in FA. These measures provide information
regarding likely alterations in the proportion of longitudinally-versus obliquely-aligned
myelinated fibers. Increased longitudinal diffusivity in one group would suggest greater
number of longitudinally aligned and decreased radial diffusivity and reduced number of
obliquely aligned fibers.
Biol Psychiatry. Author manuscript; available in PMC 2013 August 14.
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Exploratory Analyses
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To evaluate the extent to which diffusivity measures were associated with clinical variables
in those clusters showing significant between-group differences in FA, we examined
relationships among age, age of illness onset, illness duration, depression severity, and
medication load in BD and UD depressed adults and all DTI measures. In each depressed
group, we further examined relationships between individuals taking versus individuals not
taking each of the four main psychotropic medication subclasses and individuals with versus
individuals without a history of substance abuse. We used Spearman correlations for the first
five and Mann–Whitney U tests for the remaining five tests, with a statistical threshold of p
= .05/10 = .005, to control for multiple tests in BD and UD depressed adults. We also
examined relationships between age and DTI measures in HC, with a statistical threshold of
p = .05.
Because most of our study participants were female, we also examined whole brain FA
differences and corresponding longitudinal and radial diffusivity measures in female
participants only.

Results
Whole Brain Analyses of FA
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Main Effect of Group—All the following main effect of group findings were αSimcorrected (p < .05), with a resulting CST of ≥10 voxels (Table 2 and Figure 1A) (FA
findings and corresponding λ ∥∥ and λ⊥ statistics are reported in Tables 2 and 3 and Tables
S1, S3A, and S3B in Supplement 1). Covarying for age, there was a significant main effect
of group in the region of the left superior longitudinal fasciculus (SLF) (inferior temporal
cortex; MNI x, y, z: –50, –38, –15, fmax = 9.8), in the region of the left SLF (primary
sensory cortex; MNI x, y, z: –47, –19, 47, fmax = 19.9), and in the region of the left inferior
longitudinal fasciculus (ILF) (lateral occipital cortex; MNI x, y, z: –28, –66, 40, fmax =
14.4). There was also a main effect of group in the right uncinate fasciculus (UF)
(orbitofrontal cortex, MNI x, y, z: 26, 26, –10, fmax = 11.1) that just failed to meet our
cluster-size threshold criterion (cluster-size = 9/10 voxels).
Post Hoc Comparisons—All the following post hoc findings were αSim-corrected (p
< .05) with a resulting CST of ≥ 18 voxels (Table 3 and Figure 1B).
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BD Versus UD Depressed Adults: The BD relative to UD depressed adults showed,
covarying for age, significantly decreased FA in the region of left SLF (inferior temporal
cortex; MNI x, y, z: –51, –38, –17, tmax. = 4.3), associated with increased radial diffusivity (t
= 12.8, p = .001).
BD Depressed Adults Versus HC: The BD depressed adults relative to HC showed,
covarying for age, significantly decreased FA in the region of left SLF (primary sensory
cortex; MNI x, y, z: –40, –27, 50, tmax. = 4.2), associated with decreased longitudinal
diffusivity (t = 4.2, p = .047) and in the region of right UF (orbitofrontal cortex; MNI x, y, z:
26, 26, –11, tmax. = 4.7), associated with decreased longitudinal and increased radial
diffusivity, respectively (t = 4.0, p = .053, and t = 4.2, p = .048).
UD Depressed Adults Versus HC: The UD depressed adults relative to HC showed,
covarying for age, significantly decreased FA in the region of left ILF (lateral occipital
cortex; MNI x, y, z: –28, –67, 40, tmax. = 5.4), not associated with any significant change in
longitudinal and/or radial diffusivity.
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Additional Regions Showing Significant Changes in FA in Post Hoc Comparisons
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The BD relative to UD depressed adults showed increased FA in the region of right UF
(subgenual cortex; MNI x, y, z: 14, 13, –10, tmax. = 3.8), not associated with any significant
change in longitudinal and/or radial diffusivity.
The BD depressed adults relative to HC showed significantly decreased FA in the region of
right SLF (primary sensory cortex; MNI x, y, z: 40, –27, 51, tmax. = 3.9), associated with
increased radial diffusivity (tmax. = 4.7, p = .037) (Table S1 in Supplement 1).
Exploratory Analyses Between Clinical and Demographic Variables and DTI Measures in
Regions That Differentiated BD and UD Depressed Adults
No relationships among diffusivity measures and age, age of illness onset, depression
severity, medication load, psychotropic medication subclasses, or lifetime history of
substance abuse/dependence reached our conservative threshold for statistical significance
(Tables S2A and S2B in Supplement 1).
Female Participants Only
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Whole brain FA differences and corresponding longitudinal and radial diffusivity measures
in female participants only mostly confirmed our findings in the aforementioned analyses of
all participants. All the following main effect of group and post hoc findings were αSimcorrected (p < .05) and cluster-size threshold (CST ≥ 10 and 18 voxels, respectively)
selected (Tables S3A and S3B in Supplement 1). These analyses showed a main effect of
group in the region of left SLF. Post hoc analyses confirmed the decreased FA in the inferior
and middle temporal cortices in BD relative to UD depressed women and in the primary
sensory cortex in BD depressed relative to HC women. The main effect of group in the right
UF that just failed to meet the CST (9/10 voxels) in whole brain analysis in all participants
fully met our significance criteria in whole brain analyses of women only and confirmed the
decreased FA in BD depressed relative to HC women (fmax = 13.4 and tmax. = 5.1,
respectively). Additionally, post hoc analyses revealed a decreased FA in the left UF
(entorhinal cortex, MNI coordinates x, y, z: –31, –24, –28), in UD depressed adults relative
to HC women (tmax. = –4.0, not associated with any significant change in longitudinal and/or
radial diffusivity) and increased FA in the region of left SLF, in the inferior temporal cortex
(tmax. = –4.8, associated with significant decreased in radial diffusivity).

Discussion
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To our knowledge, this is the first study to compare whole brain FA and corresponding
longitudinal and radial diffusivity measures of WM connectivity in BD and UD depressed
adults and HC in BD and UD depressed adults with a similar clinical presentation, in terms
of illness duration, age of illness onset, and depression severity. Our findings indicate a
significant main effect of group in left-sided sensory and visuospatial information
processing regions, namely in the region of left SLF, in the inferior temporal and primary
sensory cortices, and in the region of the left ILF, in the lateral occipital cortex. Here, BD
depressed adults showed significantly decreased FA in left SLF in the region of inferior
temporal cortex, relative to UD depressed adults, and in the region of primary sensory cortex
relative to HC, whereas UD depressed adults showed significantly decreased FA in the
region of the left ILF relative to HC. Post hoc whole brain comparisons further revealed in
BD depressed adults—relative to both UD depressed adults and HC—significant differences
in FA in the region of right UF, a key WM tract connecting fronto-temporal cortices,
supporting emotion processing and regulation. Here, BD depressed adults showed
significantly reduced right UF FA in the region of orbitofrontal cortex relative to HC but
significantly greater right UF FA in the region of subgenual cortex relative to UD depressed
Biol Psychiatry. Author manuscript; available in PMC 2013 August 14.
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adults. Furthermore, in women only comparisons, there was a significant main effect of
group in the right UF FA, where BD depressed women showed significantly decreased FA
relative to healthy women. These decreases in FA in between-group comparisons were
paralleled predominantly by decreases in longitudinal and increases in radial diffusivity.
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Our findings of decreased FA, together with decreased longitudinal diffusivity and greater
radial diffusivity—in the region of right UF in orbitofrontal cortex BD but not UD depressed
adults relative to HC—are in partial support of our main hypothesis of abnormal right-sided
amygdala-orbitomedial prefrontal WM connectivity in BD depressed but not UD depressed
adults. These findings also parallel our previous findings of greater WM radial diffusivity in
right orbitomedial prefrontal cortex in BD depressed adults relative to HC (35) and
abnormally reduced right-sided orbitomedial prefrontal cortical-limbic effective connectivity
to positive emotional stimuli in BD depressed but not UD depressed adults (13). Our present
findings in the UF in BD depressed adults are also consistent with other reports in BD of
reduced FA in BD adolescents (8,36) and BD adults (10–11) in frontal cortical regions
relative to age-matched healthy individuals. Interestingly, our findings further suggest that
BD and UD depressed adults might be distinguished by FA in the right UF in the region of
subgenual cortex. The pattern of greater FA in this region in BD depressed adults relative to
UD depressed adults might suggest greater WM connectivity between amygdala and
subgenual cingulate gyrus in the former group, although the absence of previous studies
directly comparing BD and UD depression make further interpretation of this finding
difficult. Together, these findings indicate, however, that BD and UD depression are
distinguished by FA in right UF that in turn might reflect different pathophysiologic
processes associated with emotion dysregulation in the two types of depression.
In UD, many previous studies focused on late-life UD depression and employed a region of
interest rather than a whole brain approach. These studies reported mainly decreases in FA
in frontal WM regions (14–16,18–20). Similarly, whole brain DTI studies in UD depression
reported decreased FA in older UD depressed adults relative to HC in prefrontal regions
(21,23). Previous studies also reported decreased FA in prefrontal WM regions in young UD
depressed adults relative to HC (17). These findings are consistent with our present finding
of decreased FA in the region of left UF in UD depressed adults relative to HC, although our
finding was specific to UD depressed women. Our finding is, however, in support of our
hypothesis that UD depressed adults would show left- but not right-sided abnormalities in
amygdala-orbitomedial prefrontal cortical WM connectivity and further suggests that
differential patterns of abnormal right and left orbitomedial prefrontal cortical-limbic WM
connectivity might underlie the predisposition to depression in female BD and UD
depression.
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Our whole brain analyses allowed us to examine WM connectivity in regions other than
orbitomedial prefrontal cortex. We showed a main effect of group in left SLF in the region
of inferior temporal and primary sensory cortices, resulting from BD depressed adults
showing significantly decreased FA in these regions relative to UD depressed adults and
HC, respectively, and in left ILF, in lateral occipital cortex, resulting from UD depressed
adults showing significantly decreased FA in this region relative to HC. The BD depressed
adults also showed significantly decreased FA in right SLF in the region of primary sensory
cortex. These findings of decreased FA in between-group comparisons were paralleled
predominantly by patterns of deceased longitudinal diffusivity and increased radial
diffusivity. Furthermore, analyses of female participants only revealed similar findings of
significantly decreased FA in left SLF in both depressed groups relative to HC and in BD
depressed relative to UD depressed adults. Our findings in BD depressed adults are
consistent with previous findings of decreased FA in left SLF in BD adults (37) and of
bilateral decreases in FA in SLF in adolescents with BD and those at high-risk of BD (38).
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Our findings of decreased FA in left ILF in all UD depressed adults relative to HC and of
decreased left SLF FA in female UD depressed adults relative to healthy women support
findings of previous DTI studies showing decreased FA in UD depressed adults relative to
HC in temporal WM (18,20) and occipital and subcortical WM (21). Our specific finding of
decreased left ILF FA in UD depressed adults relative to HC supports that of a previous
whole brain DTI study (22). This latter study reported decreased FA in UD depressed adults
relative to HC in a temporo-occipitoparietal region similar in location to the left ILF region
in lateral occipital cortex showing decreased FA in UD depressed adults relative to HC in
the present study.
Our present findings therefore add to the extant literature indicating that abnormalities in
WM in left-sided temporo-occipitoparietal and primary sensory cortical regions underling
visuospatial and sensory processing, respectively, are evident in BD and UD depression.
These abnormalities might be associated with previously reported patterns in BD adults of
abnormally elevated left medial occipital cortical activity during attention and executive
function tasks (38–39) and an attentional bias to salient material (40) and in UD of
abnormally decreased left occipital cortical activity to positive emotional stimuli (41).
Examination of relationships between abnormal WM and abnormal activity in cortical
regions supporting visuospatial processing—particularly in response to emotionally salient
stimuli—should be the focus of further study in both BD and UD depression.
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One potential limitation of the study was that both BD and UD depressed adults were taking
psychotropic medication at the time of neuroimaging assessment, as was necessary because
both groups required treatment for depression. The BD depressed adults were taking more
antipsychotic and mood stabilizer medications, but fewer BD depressed were taking
antidepressant medications than UD depressed adults. There were no relationships between
medications and DTI measures that distinguished groups, which met the threshold for
statistical significance after correction for multiple tests. The relatively small number of
participants taking versus not taking each psychotropic medication subclass did not,
however, allow the exclusion of a false negative finding. Additionally, most of our
participants were female. Findings from analyses restricted to women, however, largely
supported our findings for the entire sample of male and female participants. Further studies
of WM connectivity should be conducted in larger numbers of men and women with BD and
UD depression to determine whether gender differences in WM connectivity are present in
these illnesses. These studies should also include further examination of relationships
between WM connectivity and specific psychotropic medication subclasses in these
individuals. Furthermore, studies with advanced DWI acquisitions and algorithms are
needed to define the probability of an affected WM region to belong to a specific tract. With
the αSim approach, we were able to obtain a reasonable correction (p < .05) for multiple
tests and greatly enhanced the power of multiple statistical tests, but these findings did not
achieve familywise cluster correction or TFCE and therefore require replication.
Our findings indicate that BD and UD depressed adults—otherwise matched for the majority
of clinical variables, including depression severity, age of illness onset, and illness duration
—can be distinguished by different patterns of right orbitomedial prefrontal cortical-limbic
and left corticocortical WM connectivity. Our WM connectivity measures are promising and
easily obtainable objective biological markers that have the potential to be used in future
studies, alongside other biological measures of prefrontal cortical-limbic effective
connectivity, to help identify pathophysiologic processes that might differ between BD and
UD depression.
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(A) Fractional anisotropy (FA) maps showing three orthogonal (coronal, sagittal, and axial)
views of the main effect of group on FA in bipolar disorder (BD) depressed adults, unipolar
disorder (UD) depressed adults, and healthy control adults (HC) (from top to bottom): left
superior longitudinal fasciculus in inferior temporal cortex; left superior longitudinal
fasciculus in primary sensory cortex; right uncinate fasciculus in orbitofrontal cortex, and
left inferior longitudinal fasciculus in lateral occipital cortex. Background: Montreal
Neurological Institute (MNI)152 brain and white matter skeleton used for randomized
analysis (in green). The images represent findings (in red-yellow) projected onto the white
matter skeleton. The red-yellow spectrum represents a significance range: 2 < f < 20. Monte
Carlo simulation with the αSim approach was conducted on uncorrected F and t statistical
maps (p ≤ .001), obtaining a dual thresholding of both Type I error (α; p ≤ .05) and clustersize thresholding (CST). (B) Bar graphs show mean FA values and 95% confidence
intervals for each group for each of the aforementioned four regions in which there was a
main effect of group on FA. **Highlighted is the significant pairwise between-group post
hoc comparison that resulted in the main effect of group in each of these four regions (BD
depressed adults in red, UD depressed adults in blue, and HC in green). For each region, the
third group that did not contribute to the main effect of group is also graphically represented
(bar obscured) From top to bottom: pairwise comparison between BD depressed adults
relative to UD depressed adults in the left superior longitudinal fasciculus in inferior
temporal cortex (MNI x, y, z = –51, –38, –17); pairwise comparison between BD depressed
adults relative to HC in the left superior longitudinal fasciculus in primary sensory cortex
(MNI x, y, z = –40, –27, 50) and the right uncinate fasciculus in orbitofrontal cortex (MNI x,
y, z = 26, 26, –11); and pairwise comparison between UD depressed adults relative to HC in
the left inferior longitudinal fasciculus in lateral occipital cortex (MNI x, y, z = –28, –76,
40).
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Table 1

Demographic and Clinical Variables

NIH-PA Author Manuscript

Age at Scan (yr)

Gender (M/F)

Group (n)

Mean (SD)

Statistics

BD = 15

36.3 (12.0)

a

UD = 16

32.9 (10.0)

HC = 24

27.7 (8.6)

BD = 1/14

F = 3.6

df
2,52

p (2-tailed)

b

.034

χ2 = 4.6

2

.099

t = .8

29

.397

t = .1

29

.994

t = –1.5

29

.137

t = 3.1

29

χ2 = 15.7

1

χ2 = 12.3

1

χ2 = 4.4

1

χ2 = .3

1

.611

χ2 = 2.3

2

c

.311

UD = 4/12
HC = 9/15
Age of Illness Onset (yr)

Illness Duration (yr)

HRSD-25

Medication Load

NIH-PA Author Manuscript

Mood Stabilizer (on/off)

BD = 15

21.6 (10.3)

UD = 16

18.9 (7.2)

BD = 15

14.7 (9.5)

UD = 16

14.7 (10.0)

BD = 15

21.9 (6.3)

UD = 16

25.1 (5.5)

BD = 15

4.3 (2.8)

UD = 16

1.9 (1.1)

BD = 10/5

b

.004

b

<.00

UD = 0/16
Antipsychotic Medications (on/off)

BD = 10/5

b

<.001

UD = 1/15
Antidepressants (on/off)

BD = 8/7

b

.036

UD = 14/2
Benzodiazepines (on/off)

BD = 6/9
UD = 5/11

Lifetime History of Alcohol/Substance Abuse/Dependence (on/off)

BD = 2/11
UD = 3/13

BD, depressed bipolar disorder individuals; UD, depressed unipolar disorder individuals; HC, healthy control individuals; HRSD-25, Hamilton
Rating Scale for Depression 25-item score.

NIH-PA Author Manuscript

a

Independent sample t test between groups were, respectively: BD vs. UD: t(29) = .9, p = .392; BD vs. HC: t(37) = 2.4, p = .023; UD vs. HC: t(38)
= 1.7, p = .089.

b

p < .05 (2-tailed); statistics refer to between-group differences.

c

Missing information in BD 2 (women; 41 and 28 year-old) about lifetime history of drug/alcohol abuse/dependence.
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(orbitofrontal cortex)

(lateral occipital cortex)

(primary sensory cortex)

(inferior temporal cortex)

9

10

11

13

Voxels

.38
.39

UD
HC

.28

.24

HC
BD

.17

UD

.23

.27

HC
BD

.34

.26

.42

.48

.31

UD

BD

HC

UD

BD

EMM FA

a

.35

.33

.23

.20

.12

.18

.24

.31

.23

.38

.43

.26

Lower

.43

.42

.33

.28

.21

.28

.29

.37

.29

.47

.53

.37

Higher

11.1

c

14.4

c

19.9

c
<.05

c

<.05

c

<.05

<.05

c

9.8

F-Test

p

b

FA

1.8

3.0

c

3.8

2.7

F-Test

a

λ∥

.194

.060

c

.029

.079

p

.2

.1

2.8

c

4.2

a
F-Test

λ⊥

c

.699

.870

.072

.020

p

Estimated marginal means (EMM) are evaluated at the covariate value of age = 31.6.

Biol Psychiatry. Author manuscript; available in PMC 2013 August 14.

Significant between-group comparisons.

c

Monte Carlo simulation with αSim correction was run on uncorrected f statistical maps (p < .001), obtaining a dual thresholding of both Type I error (αSim p < .05, corrected) and cluster-size thresholding
(f-tests cluster-size thresholding (CST) ≥ 10 voxels). The cluster in the right uncinate fasciculus just failed to meet our CST (9/10 voxels) but fully met criteria in whole brain analysis of female participants
only (Table S3 in Supplement 1).

b

a

CI, confidence interval; FA, fractional anisotropy; SLF, superior longitudinal fasciculus; MNI, Montreal Neurological Institute; ILF, inferior longitudinal fasciculus; other abbreviations as in Table 1.

Main effect of group in whole brain analysis of diffusivity measures: BD (n = 15), UD (n = 16) and HC (n = 24).

(MNI coordinates x, y, z: 26, 26, –11)

Right Uncinate Fasciculus

(MNI coordinates x, y, z: –28, –66, 40)

Left ILF

(MNI coordinates x, y, z: –47, –19, 47)

Left SLF

(MNI coordinates x, y, z: –50, –38, –15)

Left SLF

Whole Brain Regions

95%CI

NIH-PA Author Manuscript

Main Effect of Group in Whole Brain Analysis of Diffusivity Measures

NIH-PA Author Manuscript
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(lateral occipital cortex)

21
HC

UD

HC

.26

.19

.39

.29

.39

.32

.45

.29

EMM FA

a

.23

.14

.35

.24

.36

.29

.40

.23

Lower

.30

.23

.43

.34

.42

.36

.51

.34

Higher

c

–5.4

c

–4.7

c

–4.2

c

–4.5

t Test

FA
b

c

c
<.05

c

<.05

c

<.05

<.05

p
t Test

λ∥

.2

c

–4.0

c

–4.2

–2.7

a

.646

c
.053

c

.047

.113

p

.3

c
4.2

2.8

c

12.8

a

t Test

λ⊥

c

.581

c
.048

.104

.001

p

The EMM are evaluated at the covariate value of age = 34.5 for SLF (inferior temporal cortex), age = 31.0 for SLF (primary sensory cortex) and Uncinate Fasciculus, and age = 29.8 for ILF.

Significant between-group comparisons.

c

MonteCarlo simulation with αSim correction was run on uncorrected t statistical maps (p < .001), obtaining a dual thresholding of both Type I error (αSim p < .05, corrected) and cluster-size thresholding
(t tests CST ≥ 18 voxels).

b

a

Post hoc comparisons in whole brain analysis of diffusivity measures: BD (n = 15), UD (n = 16), and HC (n = 24). The λ∥ and λ⊥ extracted only in white matter (WM) regions showing significant
between-group differences upon FA; whole brain analyses and/or corrections of these two diffusivity measures were not performed. λ∥ , longitudinal diffusivity; λ⊥ , radial diffusivity; other abbreviations
as in Tables 1 and 2.

(MNI coordinates x, y, z: –28,–67,40)

Left ILF

UD < HC

(MNI coordinates x, y, z: 26,26,–11)

BD

19

BD

UD

BD

HC
(orbitofrontal cortex)

19

33

Right Uncinate Fasciculus

(primary sensory cortex)

(inferior temporal cortex)

Voxels

(MNI coordinates x, y, z: –40,–27,50)

Left SLF

BD < HC

(MNI coordinates x, y, z: –51,–38,–17)

Left SLF

BD < UD

Whole Brain Regions

95%CI
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Post Hoc Comparisons in Whole Brain Analysis of Diffusivity Measures
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