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Abstract

Functional magnetic resonance imaging (fMRI) studies have revealed the existence of robust,
interconnected brain networks exhibiting correlated low frequency fluctuations during rest, which
can be derived by examining inherent spatio-temporal patterns in functional scans independent of
any a priori model. In order to explore the electrophysiological underpinnings of these networks,
analogous techniques have recently been applied to magnetoencephalography (MEG) data,
revealing similar networks that exhibit correlated low frequency fluctuations in the power
envelope of beta band (14-30Hz) power. However, studies to date using this technique have
concentrated on healthy subjects, and no method has yet been presented for group comparisons.
We extended the ICA resting state MEG method to enable group comparisons, and demonstrate
the technique in a sample of subjects with major depressive disorder (MDD). We found that the
intrinsic resting state networks evident in fMRI appeared to be disrupted in individuals with MDD
compared to healthy participants, particularly in the subgenual cingulate, although the
electrophysiological correlates of this are unknown. Networks extracted from a combined group of
healthy and MDD participants were examined for differences between groups. Individuals with
MDD showed reduced correlations between the subgenual anterior cingulate (sgACC) and
hippocampus in a network with primary nodes in the precentral and middle frontal gyri.
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Individuals with MDD also showed increased correlations between insulo-temporal nodes and
amygdala compared to healthy controls. To further support our methods and findings, we present
test/re-test reliability on independent recordings acquired within the same session. Our results
demonstrate that group analyses are possible with the resting state MEG-independent components
analysis (ICA) technique, highlighting a new pathway for analysis and discovery. This study also
provides the first evidence of altered sgACC connectivity with a motor network. This finding,
reliable across multiple sessions, suggests that the sgACC may partially mediate the psychomotor
symptoms of MDD via synchronized changes in beta-band power, and expands the idea of the
SgACC as a hub region mediating cognitive and emotional symptomatic domains in MDD.
Findings of increased connectivity between the amygdala and cortical nodes further supports the
role of amygdalar networks in mediated depressive symptomatology.

Keywords
Magnetoencephalography (MEG); Depression; Network

1. Introduction

Within the field of neuroimaging, increased interest has recently been directed at studying
functional connectivity during a resting state that is, in the absence of any imposed tasks or
stimuli. The study of the resting state involves only subject-driven cognition, and may thus
reflect fundamental neural processes as well as their dysfunction in neurological and
psychiatric disorders. Functional magnetic resonance imaging (fMRI) acquired during rest
has revealed distinct, robust resting state networks (RSNs) of regions displaying correlated
low frequency fluctuations in the blood oxygen level dependent (BOLD) signal. The
“default mode” network (DMN), which consists of regions showing the greatest metabolic
activity at rest, may reflect the brain’s intrinsic default state (Raichle et al., 2001). Although
the DMN is the best characterized of these RSNs, model-free connectivity analysis methods
have identified a diverse array of such networks (Allen et al., 2011; Beckmann et al., 2005;
Damoiseaux et al., 2006; De Luca et al., 2006; Kiviniemi et al., 2009; Pendse et al., 2011;
Zuo et al., 2010) that have also been shown to interact with each other (Allen et al., 2012a;
Doucet et al., 2011), revealing the brain to be a complex, highly interconnected neural
system.

Multiple strategies have been used to determine the neurophysiological processes underlying
fMRI RSNs. The hemodynamic response measured by fMRI and the amplitude of the
Hilbert envelope of band-limited electroencephalography (EEG) or
magnetoencephalography (MEG) power may reflect the same underlying neural processes,
given that the power spectrum of the band limits signal peaks below 0.1 Hz (Leopold et al.,
2003; Liu et al., 2010; Scholvinck et al., 2010). Using seed-based connectivity of Hilbert
envelope data, Hipp and colleagues (Hipp et al., 2012) found large scale networks and
activity hubs specific to the underlying frequency. Brookes and colleagues recently
combined source localization, Hilbert envelope calculation, and model-free independent
components analysis (ICA) to band-pass filtered resting state MEG data; they reported
robust, reliable networks in healthy participants similar to those observed with fMRI
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(Brookes et al., 2011b). These networks were also evident across multiple frequency bands,
although they reached peak coherence in the beta band (Brookes et al., 2012). Thus, the low
frequency fluctuations evident in fMRI-derived RSNs may reflect underlying
electrophysiological processes.

MDD is a common, chronic, recurrent mood disorder characterized by depressed mood,
anhedonia, and guilt, as well as cognitive impairment, fatigue, psychomotor agitation or
retardation, changes in weight or sleeping habits, and functional impairment. Treatment is
often inadequate, and exact mechanisms of the disease are poorly understood. Notably,
neuroimaging studies have implicated network dysfunction in MDD. In MDD, increased
connectivity between the DMN and both the subgenual anterior cingulate cortex (SgJACC)
and thalamus has been observed (Davey et al., 2012; Greicius et al., 2007; Li et al., 2013;
Posner et al., 2013). Decreased connectivity between the DMN and the cerebellum and
prefrontal cortex, and increased connectivity between the DMN and the visual system and
parahippocampal gyrus (Guo et al., 2013) have also been noted. Outside the DMN,
corticolimbic connectivity may be impaired (Cao et al., 2012; Wang et al., 2012), and inter-
hemispheric connectivity may be reduced (Guo et al., 2013; Wang et al., 2013).

To date, many group comparison studies using ICA of resting state fMRI data have been
published across a wide array of fields and pathologies. In contrast, studies applying the ICA
technique to resting state MEG data have investigated only healthy control subjects
(Brookes et al., 2011b; Hall et al., 2013). Here, we present and demonstrate a technique that
extends these methods and enables us to perform group comparisons in a sample of healthy
subjects as well as individuals with major depressive disorder (MDD) as a proof of concept
of our method. Because this is the first study to apply ICA on Hilbert envelope MEG data to
a depressed patient group, specific a priori hypotheses were difficult to formulate. We did,
however, expect to see alterations in connectivity in the regions most frequently associated
with depression, specifically the sSgJACC and amygdala; finding results in these areas would
further support the validity of our methodological approach.

2. Materials and Methods

2.1 Study Participants

Twenty-five psychiatrically healthy participants (15 male; 10 female) and 49 participants
(30 male; 19 female) meeting DSM-IV-TR criteria for MDD were initially included in this
analysis. The mental health of both subject groups was assessed using the Structured
Clinical Interview for DSM-IV-TR (SCID) as well as an unstructured interview with a
psychiatrist. In addition, a comprehensive family history was taken for the healthy subjects
to ensure there was no family history (in first degree relatives) of any DSM-1V-TR Axis |
disorder. The study was approved by the NIMH combined CNS IRB, and all participants
gave written informed consent. All participants (MDD patients and controls) were
unmedicated and free of major medical or neurological illnesses, as determined by medical
history, physical exam, blood tests, electrocardiogram, and urinalysis. All MDD patients
were administered the Montgomery Asberg Depression Rating Scale (MADRS). Additional
exclusion criteria for both subject groups included pregnancy, breastfeeding, meeting DSM-
IV-TR criteria for substance abuse/dependence within the past three months, and
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contraindications to magnetic resonance imaging (MRI). All participants had been free of
medications that could potentially affect neurological function for at least two weeks (four
weeks for fluoxetine).

2.2 Data Acquisition

Either one or two 250-second MEG recordings were acquired in a single session during a
rest condition in which participants were asked to relax with their eyes closed, presented
with no stimuli, and asked to remain still for the duration of the scan. Subjects were
monitored continuously via both camera and microphone. All scans were acquired on a 275-
channel CTF system at 1200Hz. Background environmental magnetic noise was attenuated
by synthetic third gradient balancing. Head position was monitored throughout the scan
using three fiducial head coils placed at the nasion and left and right preauricular points. T1
weighted MRI scans were acquired on a 3T GE scanner for co-registration.

2.3 Data Preprocessing

Of the 74 participants initially included in the analysis, two control datasets and nine MDD
datasets were excluded due to the presence of significant artefacts in the MEG recordings,
excessive motion (greater than 5mm), or problems with head localization. In addition, three
healthy control datasets and seven MDD datasets were excluded in order to achieve
adequate matching on gender and age (there was an unusually large cohort of individuals
with MDD over 55).

This study used the high-performance computational capabilities of the Biowulf Linux
cluster at the National Institutes of Health, Bethesda, MD (http://biowulf.nih.gov). MRI
images were preprocessed using Analysis of Functional Neurolmages ((Cox, 1996), AFNI;
NIMH, NIH, Bethesda, MD) to place three fiducial points for MEG localization. Once the
fiducial points were placed, the distance between the placed fiducial points on the MRI was
compared to the distance between the fiducial points measured by the MEG apparatus. The
position of the placed MRI fiducials was then adjusted to minimize the between-modality
differences in the distances between the fiducials. Once this procedure was complete, we
computed the transformation rotating the MRI so that all fiducials were in the same axial
plane. The un-rotated MRI was skull-stripped to obtain an approximate surface of the brain
for use in creating the headmodel, and then transformed to standard Talairach space. The
transformation to the fiducial plane and the transformation to standard space were then
combined to obtain the matrix to transform the MEG to standard space.

MEG data were preprocessed using CTF software (http://www.ctf.com/) and software built
in-house. We ensured that head motion was below our 5mm threshold using the CTF
function headMotionDetect. The headMotionDetect algorithm flags segments in the image
where the current head position differs from the initial localization of the head position by
more than 5mm for at least one fiducial coil; if any time points were above our threshold, we
discarded the entire recording. In order to address systematic differences between groups in
head motion, we extracted time series representing the distance between each of the three
fiducial coils from the baseline. We then computed the root mean squared (RMS) distance
over the three fiducial coils, then the total RMS distance over the entire time series. We then
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compared these values between the healthy and MDD groups using independent samples t-
tests. Because four subjects lacked continuous head position localization, motion in these
subjects was assessed by comparing the head position at the beginning and end of the
recording to ensure that subjects had not moved from the baseline position by more than
5mm. Image processing methods were largely based on the original report of ICA for MEG
resting state data analysis (Brookes et al., 2011b). MEG data were corrected for the direct
current (DC) offset, and high pass filtered at 0.61Hz; band-stop filters were then used to
remove power line noise. Each recording was then visually inspected, and scans with
significant artefacts were discarded. Synthetic aperture magnetometry (SAM) analysis
(Robinson and Vrba, 1999), a scalar form of linearly constrained minimum variance
(LCMV) beamforming, was performed for spatial localization on a 5mm grid after filtering
to the beta band (14-30Hz). We examined only beta band in this analysis; this is consistent
with prior studies of ICA on band limited power (Hall et al., 2013; Luckhoo et al., 2012), as
well as with the original resting state ICA investigation, which primarily presented ICs from
beta band limited power envelopes, and showed that between-node connectivity was greatest
in the beta band (Brookes et al., 2011b). Furthermore, beta has been shown to be the band in
which most MEG resting state networks receive maximum spectral contribution when all
bands are examined in a meta-1ICA (Brookes et al., 2012). Notably, the use of beta band
limited power was also shown to give the greatest overlap between MEG and fMRI
networks (Brookes et al., 2011a). This is fully consistent with other reports in the literature
noting stronger network connectivity in alpha and beta band limited power (de Pasquale et
al., 2010; Hipp et al., 2012). A regularization parameter equal to a factor of four times the
estimated noise at each sensor was used to calculate the beamformer weights, and the source
time series was normalized by the projected noise variance, as suggested by Hall and
colleagues (Hall et al., 2013). The voxel Hilbert envelope was calculated and then
temporally smoothed using a Hanning window with no overlap, and down-sampled to 1Hz,
consistent with the recommendation of Luckhoo and colleagues, who showed that in
general, one to four seconds is the optimal sampling rate (Luckhoo et al., 2012).

For each individual dataset, the volumetric Hilbert envelope images as a function of time
were transformed to Talairach space using the transformations derived from the MRI scans.
Time courses were mean centered, and the data were resampled to 8mm so that the number
of time samples sufficed to estimate the ICA mixing matrix given the number of voxels in
the brain. A sample of the raw Hilbert envelope data from a single voxel is shown in
Supplementary Figure 1.

Because this was not a standard analysis, from this point forward we performed intensive
quality control at each step. This generally consisted of manually checking each image at
each subsequent point in the analysis. Although we did not set out to do seed-based
correlations, we used simple visual inspection of brain-wide correlations with single voxel
seeds (using AFNI’s InstaCorr function) as a quality control step. We observed that some
participants had widespread correlations across the entire brain, regardless of the seed voxel
picked. Because this was more likely due to spurious correlations than actual brain
connectivity, we sought a systematic way to evaluate images for potential exclusion. We
chose a single voxel in the motor cortex (Talairach coordinate 28, 18, 40) and obtained mean
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correlations for that voxel with every other voxel in the brain across all the participants. The
single voxel was chosen arbitrarily, given that problematic participants showed increased
correlations regardless of the seed voxel. A histogram of the resulting mean correlations is
shown in Supplementary Figure 2. The mean correlations across subjects were 0.32, with a
standard deviation of 0.095. A value of 0.604 for the mean correlation corresponded to three
standard deviations above the mean, and a threshold of 0.6 also appeared to be reasonable
given the histogram of values. As a result of this threshold we discarded one recording from
a control participant, and used the second recording in the session for an MDD participant
(leaving 19 control datasets and 33 MDD datasets in the final analysis).

Data from all participants were temporally concatenated, then processed using ICA (fastiICA
(Hyvarinen, 1999)), implemented in MATLAB (Mathworks, Natick MA). Temporal
concatenation in the context of group ICA makes no assumption of temporal consistency
across subjects; the assumption required is that all subjects share the same mixing matrix in
the spatial dimension (Beckmann et al., 2005). The issue of a spatial consistency assumption
in the presence of inter-subject differences has been addressed in the literature (Allen et al.,
2012b), and we discuss this further below (see Discussion). Temporal ICA was performed
after an initial principal components analysis (PCA) data reduction (on the concatenated
dataset) to 25 principal components, and 25 I1Cs were estimated (L=25, consistent with
(Brookes et al., 2011b)). Temporal ICA explicitly assumes that the recovered temporal 1Cs
will be independent, with no requirement of spatial independence. We specifically chose a
relatively low order ICA model in order to examine alterations in connectivity to large-scale
resting state networks (Abou Elseoud et al., 2011). The PCA reduction ensured that only the
signals with the greatest contribution to the overall variance of the data would be retained,
and the ICA algorithm essentially extracted temporally independent time series (the
independent components (ICs)) from the reduced data. Thus, each network or node was an
independent activity source explaining a measurable portion of variance of the overall
signal. Because estimating ICs is not deterministic and relies on random initialization, small
but quantifiable variations in the resultant ICs can exist. In preliminary analyses we
observed that these variations could result in slight differences in group results. To assess
this, we used a well characterized tool, Icasso (Himberg and Hyvarinen, 2003). We chose to
use Icasso out of an abundance of caution, as Icasso was developed specifically to obtain
more accurate ICA estimates than any single ICA run.

The basic Icasso method involves repeating runs of fastiICA (generally at least 100
iterations, though we used 500 iterations, or M=500) on the PCA reduced data. At each
iteration, the data can be bootstrapped, and/or a new random initialization of the algorithm
can be performed, and new ICs are generated. This results in a total of L*M IC estimates,
which are clustered using average-link agglomerative clustering, with one minus the
correlation coefficient between estimates used as the dissimilarity matrix. A quality
parameter can then be calculated reflecting the compactness of the clusters. For each cluster
C:
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In the preceding equation, ojj is equal to the absolute value of the correlation coefficients of
the ith and jth estimate, C_; represents all clusters excluding cluster C;, and |Cj| is the
number of estimates in cluster |. In matrix terms, for all estimates C; in cluster |, there is a C|
x C; matrix of intra-cluster correlation coefficients. The first term represents the sum of all
elements in the C; x C; matrix, divided by the number of elements. For all estimates Cj in
cluster I, and all estimates C_| not in cluster C,, there is a C; x C_; matrix of inter-cluster
correlation coefficients. The second term is the sum of elements in that matrix, divided by
the number of elements. Thus, the Iq is an intuitively simple parameter, essentially the mean
intra-cluster correlation coefficient minus the mean inter-cluster correlation coefficient. The
quality index I varies from 1 to 0, with an ideal cluster having an 1g=1. The final ICs are
calculated as centrotypes of the clusters, which should better estimate the true ICs than those
derived from a single iteration of fastiCA. We first used the default implementation of
Icasso, and then evaluated our results and made changes as necessary, as described in the
Results below. In addition to reporting the quality index defined above, the Supplementary
Materials highlight our further exploration of the stability of estimates.

Because this was a temporal ICA, the resulting ICs are time course vectors. In order to
obtain the group spatial components, a simple linear regression was performed (using
AFNI’s 3dDeconvolve) for each component on the original 5mm Hilbert envelope datasets,
concatenated in time across all participants. For presentation and simple visual inspection,
we display all ICs at an empirically chosen regression coefficient value of 0.25 to reveal the
most prominent nodes; please note that this threshold is irrelevant to further statistical
analyses and was only used for visualization purposes. In some cases, the regression of the
temporal 1C on the concatenated dataset produced a t-map where the areas of maximal
correlation were negative. In these cases the t-maps were inverted, such that each IC
represented the true rather than the inverted time series of the primary nodes.

In order to estimate individual dataset IC maps, the IC time courses were divided into 52
segments, each corresponding to a single participant. Single subject maps were then derived
using linear regression (again with AFNI’s 3dDeconvolve) for each IC. Throughout the
manuscript, the terms “connectivity” or “correlation” are used to reflect the magnitude of the
regression coefficient for the linear regression of the individual datasets onto the I1C time
courses; caution should be taken to not interpret this as a finding of literal anatomic
connectivity.

For the group analysis, the spatial maps for each IC (the beta weights from the regressions of
component time courses) corresponding to each individual were entered into a two-sample t-
test to determine group differences, with age and gender used as covariates. This procedure
parallels that used in fMRI, where it is standard procedure to compare individual subject
beta weight maps using t-tests. The statistical tests were performed using the 3dttest++
function in the AFNI toolbox. The resultant t-statistic images were initially thresholded at an
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uncorrected p-value of 0.01 (the cluster defining threshold), and cluster-level family-wise
error corrected p-values were then determined using Monte-Carlo simulations (implemented
in 3dClustSim) given estimations of smoothness of the de-trended Hilbert envelope images
(derived using 3dFWHMX). Although the cluster-defining threshold is somewhat arbitrary,
the corrected p-values returned by 3dClustSim are valid for a wide range of cluster defining
thresholds. The resulting statistical maps can be interpreted as areas where groups exhibited
differences in connectivity with the primary nodes of the IC.

2.5 Post-hoc region of interest (ROI) estimates of effect size

Given the importance of the sgJACC and amygdala to the pathophysiology of depression, we
wanted to obtain a measure of the effect size in the group differences found in these regions;
we also sought to facilitate tests of reliability. Because using the mean over the functional
region would inflate the calculated effect size (Kriegeskorte et al., 2009), we used
anatomically defined regions of interest (ROIs) to obtain these estimates. It should be noted
that we are not suggesting that these represent a priori specified hypotheses (we used the
functional results to guide which IC comparisons we applied the regions to); they are
unbiased only in the sense that they can be used to obtain valid estimates of effect size. In
order to demonstrate the reliability of our technique in this proof of concept analysis, we
applied our ROIs to matching ICs in both the final dataset and in an independent replication
dataset (described in section 2.6, below). We obtained ROIs for the left and right amygdala
from the Eickhoff-Zilles cytoarchitechtonic atlas available within AFNI, and an sgJACC ROI
was manually drawn on the TT_N27 atlas. Mean regression weights within the ROIs were
compared between groups using independent sample t-tests. We also performed t-tests to
determine if the variance differed between groups for each ROI; where the variance was
found to differ we applied Welch’s correction to the reported t and p values for the
difference in means. We also report Cohen’s D as a measure of effect size.

2.6 Reliability data

Demonstrating reliability can significantly enhance a proof-of-concept study. Our original
group of participants with useable data (before datasets were removed to achieve adequate
matching between groups on age and gender) contained a subset of participants who had a
second recording in the same session free of motion or substantial artifacts (Acquisition 2,
n=26). Because the healthy and MDD groups in this second acquisition were not well
matched by age and gender, we were concerned that this added variance would obscure the
group differences presented here. Thus, in order to facilitate comparison with this group we
also analyzed data from a larger group (Acquisition 1, n=57) overlapping the participants
presented herein. Again, please note that every recording in the “Acquisition 2” dataset was
entirely distinct from every recording in the “Acquisition 1” dataset, as well as the age/
gender matched sample presented herein. Detailed methods and results for this analysis are
presented in the Supplementary Materials, with only the most important results highlighted
here. Results are reported specifically for the 1Cs that correspond to the carefully matched
dataset presented herein, in order to demonstrate the reliability of the technique. It should be
noted here that because the MDD and healthy groups in the replication set were poorly
balanced for age, the findings may not entirely replicate those presented here. The purpose

Neuroimage. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nugent et al. Page 9

of this analysis was instead to show the consistency of the results between two independent
data acquisitions and ICA analyses.

3. Results

3.1 Study Participants

The final dataset used to demonstrate the group analysis technique comprised 19 healthy
participants (39.3+6.5; 8 female) and 33 participants with MDD (42.8+9.9; 11 female). The
groups did not differ in age or gender distribution (p>0.1). We did not match groups based
on socioeconomic factors, but did assess levels of education. Although the groups differed,
this was mainly due to increased levels of post-graduate education in the control group:
100% of controls and 82% of MDD participants had at least some college education. Mean
MADRS scores for depressed patients were in the high moderate range (33.2+5.6, N=31).
Of the 33 MDD participants, 21 had a history of at least one comorbid anxiety disorder,
three had a history of eating disorders, and one had a history of somatoform disorder. In all
subjects, MDD was the primary diagnosis. Mean age of onset for those subjects in which an
age could be established (n=30) was 20.0+11.5. The RMS distance from the initial head
position over the entire recording for the three fiducial coils did not differ between subjects
with MDD and healthy controls (t4=0.67, p>0.5)

3.2 Methodological Considerations

As described in the Methods, we initially performed Icasso using the default implementation
of the software, which uses both random initialization with every iteration, and bootstrap
resampling. Using this method, we obtained clusters of very low clustering quality
(mean=0.438, stdev=0.156). Nevertheless, we observed that repeated single runs of fastiCA
reliably produced the same components. It is important to note here that single runs of
fastICA were used to generate the MEG-ICA previously published results, for example,
(Brookes et al., 2012; Brookes et al., 2011b). Given that the only difference between simple
repeated runs of fastiCA and repeated runs of fastICA within the default configuration of
Icasso is the bootstrap resampling, we suspected that this caused the lack of convergence of
the individual fastICA runs onto discrete components clusters. Given that random
initialization alone is a valid method within the framework of Icasso, we next evaluated that
option. We found that the cluster quality metrics were much improved, with a mean of 0.713
(stdev=0.171, range 0.370 to 0.947), as shown in Supplementary Figure 3.

Unfortunately, there is no established criterion upon which to base a threshold for cluster
quality. Given the preliminary nature of this investigation, we elected to use a liberal
threshold of 15=0.5. We believe that this is justifiable for two reasons. First, we examined
the clusters produced by the Icasso run using bootstrap resampling. Although these clusters
exhibited far lower 14 values, the recovered ICs were highly correlated with those recovered
using a randomization only approach (mean correlation r = 0.875). This indicates that the
centroid estimations of the clusters were quite reliable, regardless of the compactness of the
cluster. Second, as we demonstrate in our reliability section, the results we present from our
replication dataset demonstrate that even clusters with a relatively low Iy (0.5 < I < 0.75)
were reproducible across datasets.
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3.3 ICA Group Results

Of the 25 ICs derived from the combined group, seven have frequently been reported in ICA
studies of resting state fMRI, as well as MEG; these include the lateral visual, medial visual,
sensorimotor, fronto-parietal, ventral stream, and executive control networks (all 25
components are illustrated in Supplementary Figure 4). Eleven ICs comprised a single
primary node (at our threshold for visualization) rather than distributed networks, although
in two cases the node crossed the midline, potentially indicating bilateral loci of activation
indistinguishable at the level of resolution. Two ICs were distributed networks not typically
reported in the fMRI resting state literature. Finally, the four remaining ICs each contained
two distinct, anti-correlated nodes, the functional significance of which is unknown.
Because these networks may be artefactual, they were omitted from further analysis. As
noted above, ICs with 1g<0.5 were not assessed further. Thus, twenty ICs were retained for
further analysis. Qualitatively, individual participant maps for each 1C were highly
consistent across individuals (see Figure 1), supporting the feasibility of group comparisons
using this technique. Furthermore, the IC estimates were quite consistent across individual
iterations of fastICA within ICASSO, as demonstrated in Supplementary Figures 5 and 6
and the accompanying text.

3.4 Group Comparisons of IC Maps

Figures 2, 3, and 4 illustrate the three networks showing group differences. While these
network maps appear rather more diffuse than typical resting state networks in fMRI, this is
consistent with prior reports (Brookes et al., 2011b), and resulted from the lower spatial
resolution and signal leakage inherent in MEG. All p-values given are family-wise error
(FWE) corrected for multiple corrections at the cluster level over the entire brain.
Connectivity with a precentral gyrus IC was significantly reduced in participants with MDD
relative to controls in the sgACC and ventrolateral prefrontal cortex (VLPFC) (p<0.001) and
hippocampus (p<0.001) (Figure 2D). Although the primary node in the IC was in the right
precentral gyrus, additional smaller nodes were apparent in the precuneus and contralateral
precentral gyrus (Figure 2A).

Connectivity with a right temporal component centered in the insula was increased in MDD
participants compared with healthy controls in a large cluster encompassing the right
amygdala, thalamus, and dorsal cingulate (p<0.001, Figure 3D).

Connectivity with a left temporal IC centered in the insula was increased in MDD
participants compared with healthy controls in a cluster encompassing the left precentral
gyrus and left angular gyrus (p<0.03). Notably, we also observed that the highest t-values
were localized to the left amygdala, similar to the finding for the right temporal IC, although
the cluster did not survive correction for multiple comparisons (Figure 4D). As presented,
these results are not corrected for multiple comparisons over the 20 1Cs examined.
Nevertheless, even after applying a stringent Bonferroni correction, which would require an
uncorrected p<0.0025, the findings of reduced connectivity between the precentral IC and
clusters in the sgACC and hippocampus remained significant. Additionally, the finding of
reduced connectivity between the right temporal IC and right amygdala would also remain
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significant. We also assessed the stability of our sgACC result across each of the 500
fastICA iterations performed by Icasso (Supplementary Figure 7).

3.5 Post-hoc ROI estimates of effect size

Group differences within anatomically defined ROIs are shown in Figure 5, with both the
ROls and the I1Cs shown in each plot. The group differences in connectivity between the
SgACC and the precentral IC were significant (t=2.82, p=0.007, Figure 5A) within an
anatomical ROI, with Cohen’s D of 0.8 indicating a large effect. For the left and right
temporal 1Cs, we examined connectivity within both the left and right amygdalae, to assess
whether contralateral connectivity was disrupted. The group difference in connectivity
between the right temporal IC and the right amygdala was significant (t=3.40, p=0.001,
Figure 5B) within an anatomical ROI, with a Cohen’s D of 1.0, indicating a large effect. The
exploratory test for contralateral amygdala connectivity revealed a significant group
difference (t=2.0, p=0.05, Figure 5C) and a Cohen’s D of 0.5, indicating a medium effect.
The group difference in connectivity between the left temporal IC and the left amygdala was
significant in the anatomical ROI (t=3.77, p<0.0005, Figure 5E), with a large effect size
(D=1.1). No significant connectivity was observed between the left temporal IC and the
right amygdala (p>0.1).

3.6 Reliability

Full results from the reliability analyses appear in the Supplementary Materials. The results
between the Acquisition 1 group (overlapping with the primary group) were extremely
consistent with those found in the fully independent Acquisition 2 group. First, all three ICs
shown in Figures 2, 3, and 4 were recovered from our overlapping Acquisition 1 and
independent reliability Acquisition 2 dataset (Supplementary Figure 8). The regression
coefficients derived from the same ROIs described above exhibited overlapping values for
both Acquisitions 1 and 2 (Supplementary Figure 9). Because our Acquisition 2 group was
small and underpowered (only six healthy controls), we report Cohen’s D in addition to p-
values. Our Acquisition 2 data showed a medium between group effect for the correlation of
sgACC with the precentral IC (D=0.63, p=0.16), a large between group effect for the
correlation of right amygdala with the right insulo-temporal IC (D=1.31, p=0.006), and a
large between group effect for the correlation of the left amygdala with the right insulo-
temporal IC (D=0.89, p=0.051). This is particularly notable given that the Acquisition 2
healthy and MDD groups were poorly matched by age and gender. Supplementary Figure 10
also shows correlations between regression coefficients derived from the Acquisition 1 and
2 analyses. Finally, spatial maps showing connectivity to the precentral IC and right insulo-
temporal 1C were highly consistent with those shown herein (Figure 6). Furthermore, a
cluster encompassing bilateral amygdala showed a significant connectivity with the right
insulo-temporal 1C (pcorr<0.01).

4. Discussion

This study is the first to demonstrate the feasibility of a between-groups analysis using the
resting state MEG ICA techniques first demonstrated by Brookes and colleagues (Brookes et
al., 2011b); all previous MEG ICA studies have been conducted on a single, healthy group
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of participants. Although the techniques largely parallel techniques used in the fMRI
literature, some additional steps were necessary to obtain reliable results. Notably, additional
quality control steps were required, the use of Icasso was required to ensure stability of the
results, and modifications to the default behavior of Icasso were needed to ensure high
quality estimates of the final ICs. Some of these steps merit further comment.

Specifically, the technique used here to remove scans that appeared to be free from artifacts
but exhibited spurious correlations is potentially applicable to all functional imaging studies
(and all modalities) that use connectivity measures. The method will need to be further
characterized to ascertain whether there is a globally appropriate threshold, or if the
threshold should be deduced from the distribution of global correlation values for each
particular study. Our application of Icasso to resting state MEG Hilbert envelope data also
merits comment. The original papers describing the Icasso method used MEG data to
illustrate the utility of the algorithm; however, these were raw MEG data and not a source
space Hilbert envelope signal, which has quite different spatio-temporal properties. Here, we
demonstrated that the compactness of clusters produced by Icasso could be improved by
using random initialization at every fastiCA run, without bootstrap resampling of the data.
Remes and colleagues (Remes et al., 2011) previously performed a detailed evaluation of
Icasso applied to spatial ICA on fMRI data and found that bootstrapping produced
undesirable effects under certain conditions, and altered spectral characteristics of the
recovered sources. A closer examination of the bootstrapping algorithm implemented in
Icasso revealed that the resampling procedure excludes up to 40% of the data points from
each iteration. We hypothesize that the magnitude of under-sampling of the data may have
resulted in less accurate estimation of the components, especially given that our sources tend
to be quite Gaussian, and that ICA is already somewhat insensitive to separation of Gaussian
sources. Resampling algorithms which include more samples may be more accurate; in
addition, it may be advantageous to investigate other blind source separation methods that
may be better suited to separating correlated Gaussian sources, such as those present in
neuroimaging data (see, for example, (Wheland and Pantazis, 2014)).

We would like to briefly comment on the consistency images between individual spatial
maps of each component (Figure 1). There are two separate points to be made here. First,
our temporal concatenation algorithm imposed a degree of spatial consistency due to the
shared mixing matrix in the spatial dimension. Thus, it is not necessarily surprising that the
individual maps were quite consistent. Nevertheless, inter-subject variability was present. A
recent study by Allen and colleagues (Allen et al., 2012b) specifically explored whether the
imposition of spatial consistency imposed by a temporal concatenation ICA approach
allowed the recovery of sources that were spatially variable across subjects. Through
exhaustive simulations, the authors concluded that alterations in individual subjects’ patterns
of activity could be captured with a high degree of accuracy. This supports the use of the
temporal concatenation method in examining group differences. Nevertheless, we can never
be precisely certain that individual spatial differences have been ideally captured by this
model without performing individual subject ICAs, an approach not feasible due to the
relatively short recordings acquired from each participant. Thus, this remains a limitation of
group ICA methods.
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One of the most important aspects of this manuscript is the replication analysis. Although
our replication set was not ideal (it was poorly matched for age between groups,
necessitating comparison with a similarly unmatched group rather than our final dataset), the
results are nonetheless striking. Both the voxel-wise group comparisons as well as the
absolute values of the beta weights were in good agreement. The correspondence between
the results is especially remarkable given the much smaller sample size used to derive the
ICs. Taken together, the replication results indicate that this technique is robust, and thus
could potentially be applied to a wide array of disorders or characteristics.

In order to demonstrate proof of concept, we applied our methods to a group of subjects with
MDD, where we observed decreased connectivity between the sgACC and a network with
primary nodes in precentral motor cortex and precuneus, and increased connectivity in
limbic and temporal areas. While the reported findings extend the clinical literature by
expanding abnormalities to the electrophysiological domain, the localization of findings in
the sgACC and amygdala further support the validity of the technique, given the known
relationship between these areas and MDD.

It should be noted that diverse studies have established the role of the sJACC in MDD. PET
studies have unequivocally shown increased glucose metabolism in the sgACC, structural
studies have shown reduced grey matter volume, and the postmortem literature has
implicated glial abnormalities (reviewed in (Drevets et al., 2008)). Connectomic diffusion
tensor imaging studies also found alterations in sgACC connectivity (Korgaonkar et al.,
2014). Deep brain stimulation targeting the sgACC resulted in robust relief from depressive
symptoms (Mayberg et al., 2005), and vagus nerve stimulation (Pardo et al., 2008) and
antidepressant treatment also normalized sgACC metabolism (Drevets et al., 20023;
Kennedy et al., 2007). Since our group IC map did not contain an sgACC node, we view this
group difference as somewhat analogous to group differences in inter-network connectivity,
although sgACC is visible in the unthresholded maps shown in Figure 2 B and C. Thus, the
present finding of aberrant sgACC connectivity within a precentral motor network expands
the notion that the sgACC functions as a hub region modulating a wide array of other
networks responsible for the diverse symptoms associated with MDD (Mayberg, 2003).
Connectivity between the sgACC and motor areas may suggest that that sgACC is involved
in modulating psychomotor retardation in MDD in addition to its established role in
mediating other symptom clusters (Drevets et al., 2008), although further studies are
required to test this potential hypothesis. Notably, however, studies of psychomotor
retardation in the context of both MDD and bipolar disorder have associated blood flow in
the adjacent supra- and pregenual anterior cingulate with level of motor dysfunction (Dunn
et al., 2002; Mayberg et al., 1994). Abnormalities in motor cortical function in MDD have
also been reported; for example, a meta-analysis of eight PET studies found hypoactivity in
the precentral gyrus (Alcaro et al., 2010). Also relevant to our primary result is the finding
that beta oscillations are associated with multiple aspects of motor control potentially
underlying the resting “idling rhythm” of the motor system; additional evidence suggests
that beta band activity mediates interactions between the motor system and higher cognitive
systems (reviewed in (Engel and Fries, 2010)). Our results support the extant literature
characterizing the sgACC as a hub region whose modulation affects diverse depressive
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symptoms, but also extends these findings by implicating beta band oscillations in the
SgACC regulation of motor control.

We also noted robust increases in connectivity in MDD participants between the temporal
cortical ICs, both of which were centered in the insular cortex but extended throughout
neighboring temporal areas, as well as the thalamus, dorsal cingulate, and precentral and
angular gyri. MDD participants showed increased connectivity between the right insular-
temporal IC and the bilateral amygdala, thalamus, and dorsal cingulate, as well as between
the left insular-temporal IC and left precentral and angular gyri and potentially the left
amygdala. Increased connectivity between insular cortices and the amygdala specifically in
the dorsomedial insula was recently reported in an fMRI resting state study of MDD (Avery
etal., 2014). Collectively, these regions are also notable for their high degree of connectivity
with both the DMN and the extended visceromotor network (Price and Drevets, 2010). The
finding of increased connectivity among these regions is consistent with a general
hypothesis of aberrant cortico-limbic connectivity in MDD (de Kwaasteniet et al., 2013).
Studies examining brain-wide changes in resting state functional connectivity also found
aberrant connectivity within and between the hippocampus, amygdala, parahippocampal
gyrus, and posterior cingulate (Zeng et al., 2012); prominent alterations in hippocampal
nodes were also evident in graph theory analyses (Zhang et al., 2011). Our findings are also
consistent with structural connectivity results that reported increased connectivity between
the inferior and middle temporal gyrus and hippocampus in depressed participants compared
with healthy controls (Fang et al., 2012), and increased structural connectivity between the
lingual gyrus and superior temporal gyrus (Korgaonkar et al., 2012).

It should be noted that although we have reviewed findings from the fMRI resting state
literature here, we do not mean to imply that our results demonstrate dysfunction in any
resting state fMRI network. Rather, we believe our results are unique to resting state MEG,
in part due to their specificity to beta oscillatory power, although they are consistent with
those reported in the resting state fMRI literature. Although the amygdala area in which we
found altered connectivity overlaps with our group IC map, there is no reason to suspect that
the phenomenon of signal leakage would differ between subject groups, and our findings
likely reflect alterations in within-network connectivity. One potential caveat is that the
findings in the amygdala are in deep areas that are of relatively lower signal to noise
compared to cortical regions. Previous studies from our group (Salvadore et al., 2009;
Salvadore et al., 2010) demonstrated robust amygdala activity detectable via MEG, and
simulation studies found that even weak deep sources could be accurately localized
(Papadelis et al., 2009). Although our study was conducted in the resting state rather than
during an emotional task designed to activate the amygdala, evidence suggests that resting
state cognition frequently includes an affective component (Delamillieure et al., 2010); in
addition, strong evidence exists for greater activation in the amygdala at rest in subjects with
MDD compared to healthy control subjects (Drevets, 1999; Drevets et al., 2002b).

The underlying etiology of the observed alterations in connectivity is unknown, although
evidence suggests that the glutamatergic system may be involved. Animal studies suggest
that the sgJACC hyperactivity in glutamate metabolism observed in humans (Drevets et al.,
2008) may be due to up-regulation of N-methyl-D-aspartate (NMDA) receptors and down-
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regulation of a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) (AMPA) receptors
(reviewed in (Alcaro et al., 2010)). Glutamate levels in the medial prefrontal cortex have
been associated with connectivity to subcortical regions (Duncan et al., 2013) and levels of
glutamate and glutamine (GIx) in the same region predicted connectivity to the anterior
insula (Horn et al., 2010). The NMDA receptor antagonist ketamine has also been shown to
acutely increase global connectivity (Driesen et al., 2013), supporting the hypothesis that the
alterations in connectivity present in MDD are partly due to altered glutamatergic signaling.
Other authors have proposed using ketamine to study resting state functional connectivity,
particularly in the sJACC (Dutta et al., 2014). These results are particularly salient given
that ketamine also rapidly ameliorates depressive symptoms in MDD (Zarate et al., 2006).

This study possesses several strengths. First, we believe that the homogeneity of our sample
is a particular strength. All of our subjects had been unmedicated for at least two weeks
(four for fluoxetine) at the time of scanning. Many prior studies on resting state connectivity
included subjects receiving a variety of agents with varying degrees of individual efficacy.
Results of those studies could thus not be unequivocally attributed to the underlying disease
rather than the concomitant drug regimen. Most of the unmedicated subjects with MDD in
the present study went on to complete treatment studies. Future studies from our group will
observe the effects of treatment on networks found to be aberrant in unmedicated depressed
states. Second, we believe that the use of MEG, rather than the more commonly employed
(and better characterized) fMRI particularly strengthens this work. In our opinion MEG can
provide unique insights not possible with fMRI, given that it directly measures neuronal
activity with a hemodynamic response function and without convolution (Engel et al., 2013;
Scholvinck et al., 2013). Although we removed some temporal information during the
calculation of the Hilbert envelope and subsequent downsampling, our results are still
specific to beta band (14-30Hz) neural activity, a conclusion not possible with fMRI.
Furthermore, although we did not specifically address the issue in the present study,
substantial evidence suggests that resting state functional connectivity is inherently dynamic,
and the higher temporal resolution of electrophysiological techniques are necessary to
capture the non-stationarity of connectivity and the multi-scale coupling modes present on
neuronal, rather than hemodynamic, time scales (Engel et al., 2013; Meyer et al., 2013). The
present study is an initial investigation into group differences in MEG connectivity that can
be expanded to other time scales and spectral domains. Although the quality of enhanced
temporal resolution is also a feature of the more readily accessible EEG, MEG offers greater
spatial resolution.

Our study is also associated with several weaknesses that limitations. Although we provide
some discussion of these issues and how they limit, but do not invalidate our conclusions,
we do not intend to imply that these are not true weaknesses. Given the proof of concept
nature of this study, we felt that a more focused analysis was appropriate for this initial
investigation. Nevertheless, the extant literature suggests differences in connectivity across
the spectrum of electrophysiological activity (de Pasquale et al., 2010; Hipp et al., 2012),
and we are currently pursing interactions between group effects and frequency band. A
statistical limitation on our group analysis was our examination of all the ICs between
groups. Again, we felt that this was appropriate for a preliminary hypothesis-generating
analysis; notably, our significant findings were in areas with known functions in the
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pathophysiology of depression, and the primary findings survived correction for multiple
comparisons over the 20 ICs examined. Another statistical limitation was the fact that our
MDD group was slightly larger than our control group. While the impact of this on an ICA
is difficult to predict, we believe that this would most likely result in a better “fit” of the ICs
to the MDD group, potentially resulting in a relative increase in the variance of the
regression coefficients in the healthy group. Although we did not account for alterations in
variance between groups in the voxel-wise analysis, we did correct for differences in
variance in the post-hoc ROI analysis. A methodological limitation was the use of the
multisphere head model over a more realistic model; this was done in part to parallel prior
studies (Brookes et al., 2011b), although some recent connectivity reports do use realistic
head models (Hipp et al., 2012). In addition, coregistration using a more advanced 3d
digitizer system and measurement of the head shape would have been preferable over our
registration of MRI and MEG scans using only the fiducial placements. Finally, an overall
limitation of the temporal ICA approach is that the recovered ICs are independent, and thus
uncorrelated (although the ICs from an Icasso analysis may violate this constraint; since
cluster centroids are used, valid correlations between components are still of questionable
validity). Because of this, we cannot use the ICs to examine between-network connectivity
(i.e. by correlating the 1C estimates).

In conclusion, this study explored the use of ICA and Hilbert Envelope resting state MEG
data to demonstrate that reliable, robust group differences can be measured. Our proof of
concept demonstration, which used a group of healthy participants and those with MDD,
found altered connectivity of the sgACC with a precentral motor network in MDD, and
increased connectivity with insulo-temporal nodes, particularly the amygdala. These
findings are fully consistent with the extant literature on MDD, supporting the validity of the
analysis techniques. Extending the literature, this finding suggests that the SJACC may play
a role in modulating the motor symptoms of MDD, and extends findings of aberrant cortico-
limbic connectivity by specifically implicating beta band oscillatory power. Elucidation of
the electrophysiological underpinnings of dysfunctional connectivity in MDD (and indeed,
other psychiatric and neurological disorders) may lead to the identification of new targets for
treatment and facilitate drug development. We anticipate that the techniques explored and
presented in this study will be applicable to a wide range of investigations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of consistency among single participant independent component (IC) maps for

two example networks: (A) Sensorimotor (1g=0.72) and (B) Fronto-parietal, left lateralized
(1g=0.52). The group IC map is given on the left, while individual maps are shown for four
arbitrarily chosen participants (the same four subjects are used to illustrate both networks).
The sensorimotor network was highly robust across all participants. The fronto-parietal
network was less robust in individual participants, although elements were visible in most
datasets. All images are thresholded at a regression coefficient of 0.25.
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A: Grdup IC Cluster 1 Cluster 2
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Figure 2.
(A) The combined group independent component (IC) with the primary node in the right

precentral gyrus (crosshairs at peak in upper frame), with additional smaller nodes in left
precentral gyrus and precuneus (crosshairs at peak in lower frame). (B) Image showing the
IC map for all healthy controls and (C) patients, un-thresholded, with the crosshairs centered
at the areas of significant differences between groups. (D) Areas of significantly decreased
connectivity in MDD compared to control participants, thresholded at pyncorrecteq <0.01,
with only clusters significant at peer<0.05 shown. There is a cluster primarily in the
subgenual cingulate cortex extending into the ventrolateral prefrontal cortex (pcorr<0.001,
crosshairs centered on peak in left column), as well as a cluster in the hippocampus/
parahippocampal gyrus (pcorr<0.001, crosshairs centered on peak in right column). Please
note that the extrema of the color scales represent the approximate maximum value in the
image.

Neuroimage. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nugent et al.

Page 24

A: Group IC

Figure 3.
(A) The combined group independent component (IC) with the primary node in the right

insula/temporal cortex (crosshairs at peak in both frames). (B) Image showing the IC map
for all healthy controls and (C) patients, un-thresholded, with the crosshairs centered at the
areas of significant difference between groups. (D) Areas of significantly increased
connectivity in MDD compared to control participants, thresholded at pyncorrecteq <0.01,
with only clusters significant at peor<0.05 shown. Crosshairs are centered at the peak of the
large cluster that encompassed the right amygdala, thalamus, and dorsal cingulate
(Pcorr<0.001, both left and right columns). Please note that the extrema of the color scales
represent the approximate maximum value in the image.
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A: Group IC Cluster 1 Cluster 2

Figure 4.
(A) The combined group independent component (IC) with the primary node in the left

insula/temporal cortex (crosshairs at peak in both frames). (B) Image showing the IC map
for all healthy controls and (C) patients, un-thresholded, with the crosshairs centered at the
area of significant difference between groups (left column) and the peak in the vicinity of
the amygdala (right column). (D) Image showing areas of significantly decreased
connectivity in MDD compared to control participants, thresholded at pyncorrected<0.01. The
crosshairs are centered on the significant cluster in the left precentral and angular gyrus,
shown in the left panel (pqorr<0.03). Note that we thresholded this image to additionally
show the cluster containing the highest t-values in the left amygdala, although this cluster
did not survive correction for multiple comparisons. Crosshairs are centered on this peak in
the right column. Please note that the extrema of the color scales represent the approximate
maximum value in the image.
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Scatterplots showing connectivity between anatomically defined regions of interest (ROISs)
and independent components (ICs) within regions known to be involved in the
pathophysiology of MDD. (A) Connectivity between the precentral/precuneus IC and
subgenual anterior cingulate (sgACC). (B) and (C) Connectivity between a right insulo-
temporal IC and the right and left amygdala, respectively. (D) and (E) Connectivity between
a left insulo-temporal IC and the right and left amygdala, respectively. All IC images are

thresholded at $=0.25, with color scale maximum set to 3=0.75.
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Figure 6.
Illustration of the concordance between voxel-wise group difference maps for Acquisition 1

(age/gender unbalanced sample overlapping with main study sample) and Acquisition 2
(fully independent recordings from similarly unbalanced sample). (A) Reduced connectivity
to the precentral IC in MDD subjects was evident in both acquisitions. Two views (sagittal
and axial) are shown to facilitate comparison of both the sgACC and hippocampus/
parahippocampal gyrus clusters. Of particular note, compare the independent Acquisition 2
sample to the main finding in Figure 2D. (B) Image shows increased connectivity in the
MDD subjects evident at identical statistical thresholds in both samples, analogous to the
results in amygdala in Figure 3D. Please note that the extrema of the color scales represent
the approximate maximum value in the image.
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