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Converging evidence suggests that major depressive disorder (MDD) affects multiple large-scale brain networks. Analyses of the
correlation or covariance of regional brain structure and function applied to structural and functional MRI data may provide insights into
systems-level organization and structure-to-function correlations in the brain in MDD. This study applied tensor-based morphometry and
intrinsic connectivity distribution to identify regions of altered volume and intrinsic functional connectivity in data from unmedicated
individuals with MDD (n=17) and healthy comparison participants (HC, n=20). These regions were then used as seeds for exploratory
anatomical covariance and connectivity analyses. Reduction in volume in the anterior cingulate cortex (ACC) and lower structural
covariance between the ACC and the cerebellum were observed in the MDD group. Additionally, individuals with MDD had significantly
lower whole-brain intrinsic functional connectivity in the medial prefrontal cortex (mPFC). This mPFC region showed altered connectivity
to the ventral lateral PFC (VIPFC) and local circuitry in MDD. Global connectivity in the ACC was negatively correlated with reported
depressive symptomatology. The mPFC—VIPFC connectivity was positively correlated with depressive symptoms. Finally, we observed
increased structure-to-function correlation in the PFC/ACC in the MDD group. Although across all analysis methods and modalities
alterations in the PFC/ACC were a common finding, each modality and method detected alterations in subregions belonging to distinct
large-scale brain networks. These exploratory results support the hypothesis that MDD s a systems level disorder affecting multiple brain

INTRODUCTION

Major depressive disorder (MDD) is a highly heterogeneous
and potentially disabling disorder that affects multiple large-
scale brain networks (Drevets, 2001; Nestler et al, 2002). A
growing array of neuroimaging technical advances now
makes possible the characterization of the structural and
functional integrity of these large-scale networks in vivo in
patients. For example, one can measure the covariance of
brain structure on magnetic resonance imaging (MRI) to
characterize putative anatomical covariance networks
(Alexander-Bloch et al, 2013; Evans, 2013). Functional
connectivity is defined in the correlation or covariance in
regional brain activity over time (Craddock et al, 2013) as
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networks located in the PFC and provide new insights into the pathophysiology of this disorder.
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measured using functional MRI (fMRI). This approach has
been applied to the characterization of human functional
networks (Finn et al, 2015; Yeo et al, 2011). Within
individuals, networks defined by anatomical covariance
and intrinsic functional connectivity are networks similar
to, but distinct from, each other (Clos et al, 2014).

Intrinsic functional connectivity studies in MDD have
highlighted abnormalities in several large-scale functional
networks including the default mode, frontoparietal, and
salience networks (Drysdale et al, 2017; Kaiser et al, 2015;
Mulders et al, 2015). The majority of these studies have
focused on seed-based intrinsic functional connectivity,
which requires a priori knowledge to select regions or
networks of interest. The need for a priori knowledge limits
the ability to identify novel disturbances. In contrast, data-
driven, voxel-based methods, which examine the intrinsic
functional connectivity of each voxel to every other voxel in
the brain, are not constrained by this problem. Using this
approach, two recent studies reported lower global
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connectivity in the medial prefrontal cortex (mPFC;
Murrough et al, 2016; Wang et al, 2014).

MDD is associated with lower volume of brain regions
including prefrontal cortex (PFC) and anterior cingulate
cortex (ACC) (Hajek et al, 2008; Koolschijn et al, 2009).
However, anatomical covariance studies are just emerging.
For example, PFC thickness correlates with cortical thickness
in other frontal association cortex regions (Qiu et al, 2014)
and subcortical volumes (Zhao et al, 2017) in MDD.
However, the direction of these alterations (whether
thickening or thinning) differs between these studies.
Similarly, studies employing whole-brain graph theory-
based approaches differ on whether MDD is associated with
increased (Ajilore et al, 2014; Mak et al, 2016), decreased
(Wang et al, 2016), or no differences (Lim et al, 2013) in
several graph theoretical measures. Further research is
therefore needed to clarify the alterations of anatomical
covariance in MDD and its relationship to symptoms in
order to develop more efficacious interventions. The
relationship between anatomical covariance and intrinsic
functional connectivity in MDD is also unclear.

Here we report the application of tensor-based morphometry
(TBM; Hua et al, 2008) and intrinsic connectivity distribution
(ICD; Scheinost et al, 2012) to identify regions of altered volume
and intrinsic functional connectivity in MDD as hypothesis-
generating analyses. Regions identified as being altered were then
used as seeds for exploratory anatomical covariance and seed
connectivity analyses. Finally, we examined the correlation
between these structural and functional alterations to detect
potential shared variance between the two modalities. Based on
existing literature (Hajek et al, 2008; Koolschijn et al, 2009;
Murrough et al, 2016; Wang et al, 2014), we hypothesized that
individuals with MDD would show lower volume and intrinsic
functional connectivity in the mPFC and ACC, and that this
might be related to the severity of depression. We had no a priori
hypotheses for the follow-up seed analyses.

MATERIALS AND METHODS

All study procedures were approved by the Yale University
Institutional Review Board and the Yale MRRC Protocol

Table | Subject Characteristics

Review Committee. All participants provided written,
informed consent.

Participants

Inclusion criteria were assessed by a physical examination,
routine blood tests, and medical and psychiatric histories.
A drug screen (urine), ECG, and a pregnancy test (for female
participants) were performed as part of the subject screening.
The Montgomery-Asberg Depression Rating Scale (MADRS;
Montgomery and Asberg, 1979) and the Hamilton Depres-
sion Rating Scale (HAMD-17; Hamilton, 1967) were used to
assess participants’ mood both during intake and on MRI
scan day. Inclusion criteria were: (1) aged between 18 and 60
years old, (2) English speaking, and (3) no lifetime drug
abuse or dependence disorder (excluding nicotine use).
Additional inclusion criteria for healthy comparison (HC)
participants were: (1) no current, or history of, any DSM-IV
diagnosis as assessed by the Structured Clinical Interview for
DSM (SCID) besides nicotine dependence, (2) no first-
degree relative with a history of psychotic, mood, or anxiety
disorder, and (3) no regular medication use within the past
2 months, and no history of psychiatric medication use.
Inclusion criteria for depressed participants were: (1)
currently in a depressed mood state as defined by a MADRS
score >10 and DSM-IV SCID, (2) primary diagnosis of
MDD as assessed by DSM-IV SCID, (3) no other current
DSM-IV diagnosis, besides anxiety disorder and nicotine
dependence, (4) no use of psychiatric medication in the
past month preceding the study, and (5) no significant
suicidal ideation. The DSM-IV SCID (APA, 2000) and rating
scales were administered by trained researchers with
experience in assessments of individuals with mood
disorders. Diagnosis was then confirmed by a licensed
clinical psychologist.

In total, 17 unmedicated MDD and 20 HC participants
were scanned. The two groups did not significantly differ
in terms of age, sex, or handedness. Individuals with
MDD had significantly less education compared to HC
participants. Subject characteristics are presented in
Table 1.

Individuals with major depressive

Healthy comparison participants  Statistical tests (significance)

disorder (N=17) (N=20)
Sex (M/F) 5/12 8/12 0.73)*
Age 344+122 326+ 124 t=044 (0.66)
Handedness (R/L) 14/3 14/6 (0.46)*
Education (grades completed) 142415 160+ 1.7 t=32 (p<00lI)
Current smoking (Y/N) 2/15 4/16 (0.67)?
Head motion 0.06 +0.02 0.05+003 t=1.1 (027)
MADRS 24179 NA NA
HAMD st |7 160+62 NA NA
Years of diagnosis 102+99 NA NA
Length of current episode in [1.2+146 NA NA

months

“Fisher's exact test, no test statistic.
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Imaging Parameters

Participants were scanned on a Siemens 3T Tim Trio scanne.
After a first localizing scan, a high-resolution 3D volume was
collected using a magnetization prepared rapid gradient echo
sequence (176 contiguous sagittal slices, slice thickness =1 mm,
matrix =192x192, FoV=256mm, repetition time
(TR)=2530ms, echo time (TE)=2.77 ms, flip angle=7°). A
2D T1-weighted image with the same slice prescription as the
functional images was also collected for purposes of registra-
tion. Functional runs included 340 whole-brain volumes
acquired using a multiband echo-planar imaging sequence
with the following parameters: TR=1s, TE=30ms, ﬂi?
angle=62°, matrix==84 x84, in-plane resolution=2.5mm",
51 axial-oblique slices parallel to the ac-pc line, slice
thickness = 2.5, multiband = 3, acceleration factor = 2.

Tensor-Based Morphometry

First, images were skull stripped using FSL (https://fsl.fmrib.
ox.ac.uk/fsl/) and any remaining non-brain tissue was
manually removed. All further analyses were performed
using Biolmage Suite (Joshi et al, 2011) unless otherwise
specified. Images were aligned to MNI space using a 12-
parameter affine registration by maximizing the normalized
mutual information between individual scans and the MNI
template brain. These aligned images were averaged together
to form the initial template for non-linear registration.

For TBM analysis, images were non-linearly registered to an
evolving group average template in an iterative fashion using a
previously validated algorithm (Scheinost et al, 2017). This
algorithm iterates between estimating a local transformation
to align individual brains to a group average template and
creating a new group average template based on the previous
transformations. The local transformation was modeled using
a free-form deformation (FFD) parameterized by cubic
B-splines. This transformation deforms an object by manip-
ulating an underlying mesh of control points. The deforma-
tion for voxels in between control points was interpolated
using B-splines to form a continuous deformation field.
Positions of control points were optimized using conjugate
gradient descent to maximize the normalized mutual
information between the template and individual brains.
After each iteration, the quality of the local transformation
was improved by increasing the number of control points and
decreasing the spacing between control points to capture a
more precise alignment. A total of four iterations were
performed with decreasing control point spacings of 15, 10, 5,
and 25mm. To help prevent local minimums during
optimization, a multi-resolution approach was used and three
resolution levels were used at each iteration.

The determinant of the Jacobian of the deformation field
was used to quantify local volume differences between the
registered images and the template (Hua et al, 2008). This
metric provided an estimate of voxel-wise volume changes
for all transformed images with respect to the group
averaged template and was used for further analysis.

Exploratory Seed-Based Anatomical Covariance

Based on regions of significant volume differences, seed
regions were chosen for anatomical covariance analysis as
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previously described (Scheinost et al, 2017). The volumes of
these seed regions, calculated as the average determinant of
the Jacobian in the seed, were extracted and used as
covariates in linear models (described below).

Intrinsic Functional Connectivity Preprocessing

The first 10 volumes of each functional run were discarded to
allow for the magnetization to reach a steady state. Motion
correction was performed using SPM8 (http://www.fil.ion.
uclac.uk/spm/). Images were warped into common space
using the non-linear transformation described above using
cubic interpolation and were iteratively smoothed until the
smoothness of any image had a full-width at half-maximum
of ~5mm (Scheinost et al, 2014) using AFNI’s 3dBlur-
ToFWHM  (http://afni.nimh.nih.gov/afni/). This iterative
smoothing reduces motion related confounds. All further
analyses were performed using Biolmage Suite. Several
covariates of no interest were regressed from the data
including linear and quadratic drifts, mean cerebral-spinal-
fluid (CSF) signal, mean white-matter signal, and mean gray
matter signal. For additional control of possible motion
related confounds, a 24-parameter motion model (including
six rigid-body motion parameters, six temporal derivatives,
and these terms squared) was regressed from the data. The
data were temporally smoothed with a Gaussian filter
(approximate cutoff frequency=0.12 Hz). A canonical gray
matter mask defined in common space was applied to the
data, so only voxels in the gray matter were used in further
calculations. Finally, for each participant, all preprocessed
resting-state runs were variance normalized and
concatenated.

Intrinsic Connectivity Distribution

After preprocessing, intrinsic functional connectivity of each
voxel as measured by the ICD was calculated for each subject
as described previously (Scheinost et al, 2012). Similar to
other data-driven, voxel-based measures (Murrough et al,
2016; Wang et al, 2014), ICD involves correlating the time
series for any voxel with every other time series in the brain
or brain hemisphere. A summary statistic based on the
network theory measure degree is then calculated. ICD
avoids the need for choosing an arbitrary connectivity
threshold by modeling the entire distribution of correlation
thresholds using a Weibull distribution: g(i)ﬁ 71exp(—(§)ﬁ ),
where 7 is a correlation between the two time series, « is the
variance parameter, and f is the shape parameter. This
parameterization is akin to modeling the change in network
theory metric degree, as the threshold used to calculate
degree is increased, with a stretched exponential: exp( —%‘),
where 7 is the correlation threshold, and « and f are the
parameters as above.

Specifically, the time series for any gray matter voxel was
correlated with every other voxel in the gray matter. A
histogram of these correlations was constructed to estimate
the distribution of connections to the current voxel. The
survival function was estimated as 1 — F(x), where F(x) is the
cumulative sum of the histogram, and was fitted with a
stretched exponential with unknown variance. As variance
controls the spread of the distribution of connections, a
larger variance indicates a greater number of high correlation
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connections. Finally, this process is repeated for all voxels in
the gray matter, resulting in a whole-brain parametric image
summarizing the connectivity of each tissue element.

Exploratory Follow-Up Seed Connectivity

Follow-up seed analysis was performed to explore (post hoc)
the nodes identified by ICD analysis to determine the specific
connections that were most responsible for changes in
connectivity. The time series of the seed region in a given
participant was then computed as the average time series
across all voxels in the seed region. This time series was
correlated with the time series for every other voxel in the
gray matter to create a map of r-values, reflecting seed-to-
whole-brain connectivity. These r-values were transformed
to z-values using Fisher’s transform yielding one map for
each participant representing the strength of correlation to
the seed region.

Motion Analysis

As group differences in motion have been shown to
confound connectivity studies, we calculated the average
frame-to-frame displacement for each participant’s data. In
line with current reports, participants with an average frame-
to-frame displacement >0.10 for any run were removed

a
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Figure | Individuals with major depressive disorder (MDD) exhibited
altered gray matter volume and covariance. (a) Individuals with MDD
exhibited increased volume in the right middle and inferior temporal gyri and
reduced volume in the dorsal anterior cingulate (dACC) compared to
healthy comparison (HC) participants. When these clusters were used as
seeds for anatomical covariance analysis, individuals with MDD compared to
HC participants exhibited significantly (p<0.05, corrected) (b) increased
covariance between the middle/inferior temporal gyri and the orbital frontal
cortex (OFC), and (c) decreased covariance between the dACC and the
vermis in the anterior lobe of the cerebellum.
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from the analysis (2 MDD and 1 HC). There were no
significant differences for motion between the MDD and HC
groups (MDD: 0.06 +0.02, HC: 0.05 + 0.03, p =0.16). Finally,
we regressed a 24-parameter motion model and used an
iterative smoothing algorithm to minimize any motion
confounds (Satterthwaite et al, 2013; Scheinost et al, 2014).

Group Analysis

TBM and seed anatomical covariance data were analyzed
with voxel-wise general linear modeling. Age at scan and sex
were included as covariates. For models of anatomical
covariance, seed volumes and a group-by-volume interaction
were added as covariates of interest. Regions showing
significant group-by-volume interaction are regions where
the correlation between the volume of that region and the
seed region is different between groups. Voxel-wise t-tests
were used to compare the connectivity data between the
study groups. Comparisons of the TBM and ICD data were
considered primary analyses, while comparisons of the seed
anatomical covariance and connectivity data were considered
exploratory. Imaging results are shown at a cluster-level
threshold of p<0.05 family-wise error (FWE) correction as
determined by AFNT’s 3dClustSim program (version 16.0.09)
using a cluster-forming threshold of p=0.001, 10000
iterations, a gray matter mask, and a smoothness estimated
from the residuals using 3dFWHMx with the —~ACF option.
This stringent cluster-forming threshold was used to avoid
the problems of false positives associated with less stringent
cluster-forming thresholds and is based on current best
practices (Eklund et al, 2016; Nichols et al, 2017).

To investigate the structure-to-function correlation be-
tween TBM and ICD values, we used a high-resolution
functional atlas (Finn et al, 2015) to divide the PFC,
including the ACC, into 52 functional nodes as shown in
Supplementary Figure S1. For each participant, the averaged
TBM and ICD values in these nodes were computed, the
average TBM and ICD values were correlated, and the
resulting correlation was converted to a z-value via the Fisher
transform to ensure normality. This approach resulted in a
single structure-to-function correlation between TBM and
ICD in the PFC for each participant. The structure-to-
function correlations were compared across study groups
using a two-sample f-test. Additionally, we repeated this
analysis using nodes located outside the prefrontal cortex
(n=216) and all nodes, covering the whole brain.

RESULTS

Group Differences in Gray Matter Volume and
Anatomical Covariance

Whole-brain analyses of gray matter volume are presented in
Figure la. For individuals with MDD compared to HC
participants, TBM analysis revealed significantly (p<0.05,
corrected, degrees of freedom (df) = 32) higher volume in the
right middle and inferior temporal gyri (BA 20) and lower
volume in the dorsal ACC (dACC). No significant correla-
tions between the TBM data and either MADRS or
HAMD-17 were observed.

These two clusters were then used as seeds for anatomical
covariance analysis to interrogate if volume differences were



associated with additional network level differences. When
using the right middle/inferior temporal gyri cluster as a
seed, MDD compared to HC participants exhibited sig-
nificantly (p<0.05, corrected, df=30) higher covariance
with the orbital frontal cortex (OFC). There was a significant
positive covariance in volume between the two regions in the
MDD (p<0.001, df=15) but not the HC group (p=0.67,
df=18). When using the dACC cluster, there was a
significantly (p<0.05, corrected, df =30) lower covariance
with the vermis in the anterior lobe of the cerebellum in the
MDD but not HC group. In the MDD group, there was a
trend toward significant negative covariance in volume
between the two regions (p=0.08, df =15) while in the HC
group there was a significant positive covariance (p<0.001,
df=18). Scatterplots of these covariance is shown in
Supplementary Figure S2.

Group Differences in ICD Connectivity and Associations
with Symptoms

Single group ICD maps and whole-brain comparison of ICD
connectivity between the MDD and HC participants are
shown in Figure 2a-c. ICD connectivity in the vmPFC was
significantly (p<0.05 corrected, df =32) lower in the MDD
as compared to the HC group. No regions of higher ICD
connectivity for MDD compared to HC groups were
detected.

For the MDD group, ICD connectivity in the ventral
anterior cingulate cortex (VACC) was inversely correlated
(p<0.05 corrected, df=12) with depressive symptoms on
the HAMD-17 (Figure 2d) in a consistent direction with the
between-group differences in Figure 2c. A scatterplot of this
correlation is shown in Supplementary Figure S3A.

Group Difference in Seed Connectivity and Associations
with Symptoms

Follow-up seed connectivity from the vmPFC regions
detected from the ICD analysis (Figure 2c) is shown in
Figure 3. For MDD compared to HC, seed connectivity using
the vmPFC seed revealed significantly (p<0.05 corrected,
df=32) higher connectivity to the ventral lateral PFC
(VIPFC) and lower connectivity to the anterior PFC (aPFC).
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For both clusters of significant between-group differences,
connectivity values were extracted and associated with
symptom severity. mPFC-vIPFC connectivity was positively
correlated with depressive symptoms on both the MADRS

z=3.3 z=6
z=-3. z=46
Figure 3 Individuals with MDD showed altered connectivity for the

vmPFC region detected from the ICD analysis (Figure 2¢) to other regions
of the PFC. (a) For HC participants, the viPFC was significantly (p <0.05
corrected) correlated with regions of the default mode network (DMN) and
negatively correlated with regions of the frontoparietal network (FPN), visual
network, and the salience network (SAN). (b) For individuals with MDD, the
vmPFC was significantly (p <0.05 corrected) connected to similar networks
albeit at reduced strength. (c) For MDD compared to HC, seed connectivity
revealed significantly increased (or significantly less negative) connectivity
between the vmPFC and ventral lateral PFC and significantly reduced
connectivity between the vmPFC and anterior prefrontal cortex.

=6

Individuals with major depressive disorder (MDD) exhibited lower intrinsic functional connectivity in the medial prefrontal cortex (mPFC). Single

group ICD maps for (a) HC participants and (b) individuals with MDD show greatest connectivity in midline ‘hub’ regions with visually reduced ICD
connectivity in the vmPFC for the MDD patients. (c) For MDD compared to HC, the vmPFC exhibited significantly (p<0.05 corrected) reduced ICD
connectivity. (d) For individuals with MDD, ICD connectivity in the ventral anterior cingulate cortex (VACC) was inversely correlated with Hamilton
Depression Rating Scale (Ist 17). Images shown at p <0.05, corrected for multiple comparisons.
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Table 2 Summary of Results

Modality Region

Tensor-based morphometry (TBM) Dorsal anterior cingulate cortex
Middle/inferior temporal gyri
Anatomical covariance Orbital frontal cortex

Anterior lobe vermis (cerebellum)
Intrinsic connectivity distribution (ICD)  Ventral medial prefrontal cortex
ICD correlation w/ symptoms Ventral anterior cingulate cortex
Seed connectivity Ventral lateral prefrontal cortex

Medial prefrontal cortex

Network Cluster Size (mm®) Peak MNI coordinates
Salience/ventral attention 992 31725

Default mode 633 63 —27 —24
Default mode 410 627 —19
Salience/ventral attention 538 2-72-21
Default mode 474 246 —18
Default mode 566 941 —10
Frontoparietal 800 51426

Default mode 528 -35 -7

(r=0.65, p=0.01, df=12) and the HAMD-17 (r=0.56,
p=0.04, df=12). A scatterplot of these correlations are
shown in Supplementary Figure S3B and C. No significant
associations with symptom severity were observed for
vmPFC-aPFC connectivity.

Network-Level Summary of Group Differences

As we hypothesized that our multimodal methods would
detect group differences in several large-scale brain networks,
we localized our results into seven networks using the
cortical parcellation (Yeo et al, 2011) and the cerebellar
parcellation (Buckner et al, 2011). Table 2 shows a summary
of our results. Briefly, the TBM and anatomical covariance
results were localized to the salience and the default mode
networks. The ICD results were localized to the default mode
network. The seed connectivity results were localized to the
default mode and frontoparietal networks.

Group Difference in Structure-to-Function Correlation
Between Prefrontal Volume and Prefrontal Connectivity

Given that both structural and functional differences were
localized largely to the PFC, we hypothesized that the
structure-to-function correlation in the PFC would be altered
in individuals with MDD compared to HC. We observed a
significantly greater correlation between connectivity and
volume in the PFC for MDD compared to HC (MDD vs HC:
t=2.25, p=0.03, df=30), which was due to a significant
correlation between connectivity and volume in MDD (z
(r)=0.39, p<0.001, df =14) but a trend toward significance
in HC (z(r)=0.14, p=0.06, df=18). This increased
structure-to-function correlation was localized to the PFC
as no differences in correlations were detected across the
whole brain (MDD: z(r) =0.17; HC: z(r) = 0.12; MDD vs HC:
t=1.0, p=0.31, df=30) or nodes not in the PFC (MDD: z
(r)=0.15; HC: z(r)=0.11; MDD vs HC: t=0.9, p=0.36,
df = 30).

DISCUSSION

In this exploratory, multimodal imaging study, we examined
structural and functional network alterations in MDD.
Structural and anatomical covariance differences were
detected in the salience (ACC and vermis of the cerebellum)
and default mode networks (OFC and temporal gyri), while
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intrinsic functional connectivity differences were detected in
the frontoparietal (vVIPFC) and default mode networks
(mPFC). Specifically, we detected significantly lower volume
in the anterior cingulate cortex (ACC) and lower anatomical
covariance between the ACC and the cerebellum in the MDD
group. Furthermore, there was significantly lower whole-
brain intrinsic functional connectivity in the medial
prefrontal cortex (mPFC). Using follow-up seed connectivity,
this mPFC region showed altered connectivity to the ventral
lateral PFC (vIPFC) and local circuitry in MDD. The
dysregulation in intrinsic functional connectivity findings
was shown to be associated with severity of depression.
Finally, we observed higher structure-to-function correlation
in the PFC/ACC in the MDD group. Together, these results
point to alterations in multiple brain networks centered
around the PFC in individuals with MDD.

Alterations in the PFC/ACC were a common finding
across all analysis methods (TBM, anatomical covariance,
ICD, and seed-based connectivity). Yet, each method
detected different large-scale networks, supporting the
hypothesis that MDD is a systems level disorder affecting
multiple intertwined brain networks (Drevets, 2001;
Drysdale et al, 2017; Nestler et al, 2002). Multiple large-
scale brain networks extend into the PFC/ACC (Finn et al,
2015; Yeo et al, 2011) with each of these networks supporting
diverse, often antagonistic, roles in cognition (Fox et al, 2005;
Riva-Posse et al, 2014). For example, major nodes from the
default mode, frontoparietal, and salience networks were
identified in our analyses and the interactions between these
networks form the basis of several neurocognitive models of
MDD (Drysdale et al, 2017; Kaiser et al, 2015; Zheng et al,
2015). That the observed changes in structure-to-function
correlation were specific to the PFC in the MDD groups
suggests that alterations within any of these networks or
modalities are related. The relevance of the distinct PFC
networks identified in the current analysis for the clinical
presentation or treatment of MDD remains to be
determined.

The TBM analysis revealed lower ACC volume and higher
right middle/inferior temporal gyri volume. The ACC
finding is in line with a recent study from the ENIGMA
Major Depressive Disorder Working Group (Schmaal et al,
2017) and the mounting evidence indicating a central role for
the ACC in the pathophysiology of MDD (Diener et al,
2012). When seeded for anatomical covariance analysis, the
ACC exhibited differential covariance with vermis volume in



the anterior lobe of the cerebellum in MDD vs controls. This
part of the cerebellum is structurally and functionally
connected to the ACC as part of the salience, or ventral
attention, network (Buckner et al, 2011; Krienen and
Buckner, 2009). Such volumetric differences may therefore
be related to the network level alterations previously
observed in MDD (Kaiser et al, 2015). Additionally, recent
reviews have highlighted converging evidence of vermis
alterations in MDD and their possible involvement with both
motor and cognitive alterations (Konarski et al, 2005;
Phillips et al, 2015). Volume differences in the temporal
lobes are not generally reported in MDD, outside of a few
studies (Caetano et al, 2004; Kumar et al, 1998). However,
when seeded, the middle/inferior temporal gyri showed
altered covariance to the OFC. Both the OFC and temporal
gyri are part of secondary portions of the default mode
network (Andrews-Hanna, 2012; Yeo et al, 2011) and may
represent additional alteration of the default mode network
beyond those in the main hubs of the network (ie, the
posterior cingulate cortex and mPFC) that are reported here
and elsewhere (Kaiser et al, 2015; Mulders et al, 2015;
Murrough et al, 2016; Wang et al, 2014).

Our data-driven intrinsic functional connectivity analysis
revealed lower connectivity in the mPFC to the rest of the
brain in the MDD group. As the mPFC is a core node of the
default mode network (Andrews-Hanna, 2012; Yeo et al,
2011), these connectivity results suggest an alteration of the
default mode network in MDD. Altered default mode
connectivity is commonly reported in MDD and, due to
the default mode network’s role in self-referential processing
(Sheline et al, 2009), is often related to negative self-
referential thinking (Kaiser et al, 2015; Mulders et al, 2015;
Sheline et al, 2009).

Our ICD results replicate the finding of the two most
similar studies based on measures of network centrality
(Murrough et al, 2016; Wang et al, 2014). This is notable as
our MDD group was unmedicated and one of previous
studies used a mix of medicated and unmedicated partici-
pants (Wang et al, 2014). Anti-depressants can affect
intrinsic functional connectivity data (McCabe and Mishor,
2011), which could limit replication. While the previous
studies detected larger clusters of decreased connectivity
covering a majority of the mPFC and ACC, we detected a
more focal cluster. This is most likely due to our use of more
conservative cluster correction methods, which are based on
current best practices (Nichols et al, 2017). Reducing our
statistical thresholds to previous standards, we detect more
widespread results including a cluster of reduced connectiv-
ity in the vACC that overlaps the cluster of significant
correlation between ICD and depressive symptoms
(Figure 2d). Differences between these studies based on
network centrality and other studies, for example (Drysdale
et al, 2017), is likely methodological. Our study is unique in
that we performed follow-up seed analysis on the mPFC
cluster and exploring structure-to-connectivity correlations.

When seeded for follow-up analysis, the vmPFC region
displayed increased connectivity to the vIPFC, which was
associated with more severe depressive symptoms. The
vIPEC is involved in external monitoring and focused
attention as part of the frontoparietal network, whereas the
mPFC is involved in internal attention and self-awareness as
part of the default mode network (Andrews-Hanna, 2012).
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These networks are traditionally anticorrelated (Fox et al,
2005), but their activity was not correlated in the MDD
group. The lack of functional antagonism between these
networks may reflect a reduction in cortical efficiency (ie, a
deficit in the suppression of neural noise) or perhaps
contamination of functions of one network by input from
the other, ie, bias towards internal thoughts over engaging
with the external world (Anticevic et al, 2012a, b; Kaiser et al,
2015). For example, self-focused rumination, a core feature
of depression (Roberts et al, 1998), could be related to a
reduced ability to efficiently separate the default mode and
frontoparietal networks.

There are a number of important strengths to this work.
We used multimodal MRI to investigate network level
alterations in MDD. This study of MDD reports shared
variance between volume and intrinsic functional connectiv-
ity in the PFC for individuals with MDD, but not HC
participants. For functional imaging, we used high spatial
and temporal resolution fMRI data in comparison to most
prior studies of MDD. Furthermore, in contrast to the
historical 5min of data, all participants had ~12 min of
resting-state data that has been shown to increase reliability
and power (Noble et al, 2017). The individuals with MDD
were unmedicated at the time of scanning (for at least
1 month), which is a notable strength as antidepressants have
been shown to affect intrinsic functional connectivity data
(McCabe and Mishor, 2011) and previous studies have used
a mix of medicated and unmedicated participants (Wang
et al, 2014).

Our study has several limitations. Our sample size was
modest; yet, we were able to detect significant between-group
differences using more stringent current best practices for
multiple comparison correction (Nichols et al, 2017).
Furthermore, while we show a correlation between volume
and connectivity in the PFC in the MDD group, our
correlation analysis cannot assign causality. As such, we
cannot determine if the structural or functional changes
preceded one or the other or whether these alterations reflect
a vulnerability factor for, or a consequence of, MDD. Thus,
longitudinal studies incorporating MRI across multiple time
points would be needed to elucidate the orgins of these
alterations in MDD. Finally, given that we performed
several different analyses on the same cohort, our results
should be interpreted as hypothesis-generating rather than
confirmatory.

In conclusion, this novel study used multi-modal imaging
and system-level methods to detect depression-related
differences in multiple large-scale networks centered around
the PFC/ACC. Structural and anatomical covariance differ-
ences were detected in the salience and default mode
networks; while intrinsic functional connectivity differences
were detected in the frontoparietal and default mode
networks. Additionally, for MDD, volume and intrinsic
functional connectivity in the PFC may not be independent.
Our findings provide further evidence that MDD is a systems
level disorder affecting multiple brain networks. Tentatively,
these data suggest that further work to identify treatments
specifically targeting multiple networks, and their interac-
tions, for depressive symptoms is warranted.
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