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Abstract

Background: The subgenual anterior cingulate cortex (sgACC) has been implicated in major
depressive disorder (MDD), and this study evaluated sgACC connectivity before and after

repetitive transcranial magnetic stimulation (rTMS) treatment.

Methods: Thirty-two MDD patients entered a sham-controlled, double-blinded, randomized
trial of rTMS to the left dorsolateral prefrontal cortex (dlFPC). Subjects underwent resting
state functional magnetic resonance imaging before and after 20 sessions of high frequency
rTMS. Seed voxels identified the affective network (AN; sgACC, amygdala), default mode
network (DMN; posterior cingulate cortex [PCC]), and fronto-parietal network (FPN; dIPFC

stimulation site).

Results: There was no significant effect of active rTMS over sham on the primary outcome
measure (Montgomery-Asberg Depression Scale rating), with both groups improving over
time, and no specific effect of rTMS (sham vs active) on connectivity. However, among
patients who showed significant improvement, sgACC connectivity decreased for sham (to
AN, trend to DMN) and active rTMS responders (to AN, DMN, FPN), but not in non-
responders, who tended to maintain connectivity. Including subjects who started with
sham but then received open-label active treatment, baseline connectivity from the PCC to
the anterior insula was greater in non-responders compared to responders (n=27,

excluding 5 sham responders).
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Limitations: The sample size was small; the stimulation target was non-standard, and the

lack of a significant clinical effect of rTMS limits conclusions about negative findings.

Conclusions: sgACC connectivity reduces along with depressive symptoms, not specific to
rTMS therapy. Altered connectivity of DMN with anterior insula may reflect a type of

patient less likely to respond to an intervention.

Introduction

Repetitive transcranial magnetic stimulation (rTMS) is an effective treatment for
depression (Berlim et al., 2014b; Lam et al., 2008; Schutter, 2009; Slotema et al., 2010), but
little is known about how rTMS affects the brain of depressed patients. One possibility is
that rTMS changes intrinsic connectivity networks (ICN), which exhibit abnormal brain
connectivity in depression (Kaiser et al.,, 2015). The subgenual anterior cingulate cortex
(sgACC) is a key node implicated in depression (Drevets, 2000; Hamani et al., 2011), and
several groups have found abnormally increased connectivity between sgACC and the
default mode network (DMN) in depression (Berman et al., 2011; Hamilton et al., 2011; Zhu
et al., 2012), possibly causing negative affective biasing of internal dialogue, leading to
ruminations (Hamilton et al.,, 2011). This theory suggests that treatment of depression
might entail reducing the influence of sgACC on the DMN (Hamilton et al,, 2015). rTMS

treatment has been associated with reduced metabolism (Baeken et al.,, 2015) and reduced
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blood flow to the sgACC (Kito et al., 2008). Studies of other brain stimulation modalities
have implicated the sgACC, such as deep brain stimulation decreasing sgACC activity
(Berlim et al., 2014a; Hamani et al., 2011) and electroconvulsive therapy reducing the
amplitude of low frequency fluctuations of fMRI signal (Argyelan et al., 2016). Thus, several
lines of research suggest that sgACC may mediate the effects of rTMS.

Although repetitive transcranial magnetic stimulation (rTMS) is typically applied to
the prefrontal cortex, Fox and colleagues have reported that, amongst published rTMS
studies, those that used coil locations closest to the point of maximal negative correlation of
the dorsolateral prefrontal cortex (dIPFC) with the sgACC reported the greatest reductions
in depressive symptoms (Fox et al., 2012; Weigand et al.,, 2017). These data suggest a
possible mechanism by which stimulation of a superior cortical region could affect a deep
structure like the sgACC, far from the locus of stimulation. In partial support of this
hypothesis, a recent report found reduced sgACC connectivity to the DMN after
dorsolateral rTMS (Liston et al., 2014). Another study using dorsomedial rTMS also showed
reduced sgACC connectivity with the caudate and dorsal anterior cingulate (Salomons et al.,
2014). While this work suggests possible mechanisms of the effect of rTMS to treat
depression, these studies lacked a sham-control condition that would allow one to separate
specific effects of rTMS from non-specific effects of a treatment intervention.

Another question about the relationship between rTMS and ICNs is whether
baseline connectivity can predict the response to rTMS therapy, an important question in
the search for biomarkers that could guide therapy. Connectivity of the sgACC has been
implicated as a potential response biomarker. Greater connectivity with superior medial

prefrontal cortex (Baeken et al,, 2014; Salomons et al,, 2014), DMN (Liston et al., 2014) and
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dIPFC (Salomons et al., 2014) has been associated with better response to rTMS. Other
connectivity patterns correlated with a positive therapeutic response to rTMS include
lower cortico-thalamic, cortico-striatal and cortico-limbic connectivity (Salomons et al,,
2014), higher connectivity in reward-related areas (Downar et al., 2014) and greater
connectivity of medial PFC, dIPFC, posterior cingulate cortex (PCC), orbitofrontal cortex
and amygdala (Drysdale et al,, 2017).

To address these questions, the present study employed a randomized, sham-
controlled design, focusing on the sgACC, first by testing the hypothesis that stimulation
would alter connectivity between the target site and sgACC (making it more negatively
correlated), and second by testing whether connectivity between sgACC and the DMN was
reduced with treatment. We defined the following ICNs (Yeo et al.,, 2011) of primary
interest: DMN, fronto-parietal (containing the site of stimulation) and limbic/affective
(containing sgACC and amygdala). We also included the ventral attention/salience network
because of its involvement in depression (Goodkind et al., 2015; Kaiser et al., 2015). Our
study design employed two phases: a double-blinded phase, and then an open-label phase,
in which subjects randomized to sham treatment in the first phase went on to receive
active treatment, permitting us to explore baseline connectivity markers correlated with
treatment response. Although we found no specific effect of rTMS on connectivity in the
comparison of active to sham stimulation, we did find that improvement in depressive

symptoms was associated with reduced sgACC connectivity.

Methods
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Subjects

Forty outpatient subjects with major depressive disorder, diagnosed with DSM-IV
criteria using the M.LLN.L. (Sheehan et al., 1998), were enrolled and randomized in the
protocol between October 2013 and October 2015. Subjects were recruited through
advertisements in the community and referrals from clinicians at the University of
Michigan Department of Psychiatry, where the study took place. Subjects were between 22
and 65 years of age, failed at least one antidepressant medication trial, had at least
moderate depressive severity (Montgomery-Asberg Depression Rating Scale [MADRS] 2
18; Montgomery and Asberg, 1979) and < 5 years in the current episode. Exclusion criteria
included bipolar disorder (I/II), obsessive-compulsive disorder, post-traumatic stress
disorder, any psychosis, serious suicidal ideation/behavior, previous rTMS, previous ECT
and contra-indications to rTMS or MRI. Subjects were assessed with the Antidepressant
History Treatment Form (ATHF; Sackeim, 2001) to assess level of treatment resistance.
Medications had to be maintained on a stable dosage for 1 month prior to and during the
double-blinded phase. All subjects gave written consent to participate according to a

protocol approved by the University of Michigan Institutional Review Board.

Design and rTMS protocol

The protocol was a sham-controlled, randomized (1:1), double-blinded study.
Patients were assigned to treatment arm, using block randomization, stratified by gender.

Randomization was performed by a member of the study team (S.H.) not involved in

Taylor et al -6-



treatment assessments. Clinicians assessing symptom change over the course of the study
(S.F.T, D.F.M.) were blinded as to treatment assignment. Assessment of TMS side effects
was performed by a research nurse, who did not discuss treatment side effects with the
clinician performing the assessments. After 20 sessions of therapy and the second MRI
scan was completed, patients and treating clinicians were queried as to which treatment
arm they thought the patient was on. Subjects who received sham stimulation had the
option to receive active rTMS in the second, open-label phase of the study.

After initial screening and assessment, subjects entered Phase 1, consisting of the
MRI session, followed by motor threshold determination obtained using visual
identification of thumb twitch and initiation of treatment. In this blinded phase, subjects
had 20 sessions of rTMS therapy or sham treatment, 5 days per week. rTMS treatments
were delivered at 10 Hz frequency at 120% of motor threshold and 3000 pulses/session to
the left dIPFC, determined by individualized neuronavigation (see Supplementary
materials). Not all subjects were able to tolerate 120% at the initial session, but all subjects
reached 120% after 1 week of treatments. Stimulation used the NeuroStar XPLOR system
in research mode. One coil was active, while the sham coil was identical in shape and
weight to the active coil, but did not deliver any magnetic energy. A speaker on the coil
gantry delivered a 10 Hz clicking sound mimicking acoustic characteristics of the active coil,
but no superficial stimulation emanated from the sham coil. A third coil delivered active
stimulation, and it was used to obtain the motor threshold, thus preserving the blind -- all
patients saw a new coil switched in after motor threshold was obtained. At the end of Phase

1, a second MRI occurred, followed by open-label treatment in Phase 2: either 5 taper
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sessions over 2 weeks for those in the active arm during Phase 1, or 20 sessions plus 5

taper sessions for those receiving sham stimulation in Phase 1.

Clinical assessments and analysis

The primary clinical endpoint was MADRS score after 20 sessions. Secondary
endpoints included Hamilton Rating Scale for Depression (17 item; HRSD17; Hamilton,
1960), Quick Inventory of Depressive Symptoms, Self-rated (QIDS-SR; Rush et al., 2003)
and Generalized Anxiety Disorder Assessment (GAD-7; Spitzer et al., 2006). Function was
assessed with the Work and Social Adjustment Scale (WSAS; Mundt et al., 2002) and the
Global Assessment of Function (GAF; Hall, 1995). Assessments occurred weekly for the 20
sessions of rTMS treatment, and at the end of the last taper session. The primary endpoint
was MADRS score after 20 sessions, using a linear mixed effects model incorporating
treatment group, time (weekly assessments), group by time interaction, with screening
MADRS as a co-variate and patient as a random effect. Categorical treatment response was
defined as a 50% change from baseline MADRS, and remission was defined as MADRS < 10.
Alpha was set to 0.05 and analyses were conducted in SPSS (version 23).

Additional assessments occurred in Phase 2. Patients who had active treatment in
blinded, Phase 1 were assessed after they completed their 5 taper treatments. Patients
who received sham treatment during Phase 1 and went on to active, open-label treatment,
were assessed at the completion of their 20 treatments + 5 taper treatments (identified as

treatments 21 through 45, numbered to include the 20 sham treatments). These
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assessments were used in the analysis to identify connectivity predictors of response to

rTMS, maximizing the power of the sample by including all patients who received rTMS.

Functional MRI acquisition and analysis

MRI scanning occurred on a 3T GE 750 Discovery scanner (General Electric
Healthcare, Chicago, IL). Blood oxygenation level dependent (BOLD) functional images
were acquired with a T2*-weighted, reverse spiral acquisition (gradient recalled echo, TR =
2000 msec, TE=30 msec, FA=90 degrees, field of view=22 cm, 43 slices, 3.0mm thick/0Omm
skip, equivalent to 64 x 64 voxel grid - yielding approximately isotropic voxels), with
excellent sensitivity to signal in ventral medial frontal regions (Yang et al., 2002). Two
hundred and forty acquisitions were acquired in the resting state with eyes open and
fixated on a large ‘plus’ sign projected on a monitor. Four initial volumes were discarded to
allow for equilibration of scanner signal. A high resolution T1 scan (3D SPGR) was obtained
for anatomic normalization, as well as a T1 spin echo acquisition in the same prescription
as the T2* BOLD scan.

Data processing began with standard pre-processing steps, including slice-time
correction, realignment and warping of functional images to the MNI152 template
(Statistical Parametric Mapping SPM8 package, Wellcome Institute of Cognitive Neurology,
London). Adjusted time courses at the subject level were derived from sequential
regressions of the time series using regressors to remove effects of movement,

physiological artifacts and activity outside a band pass filter of 0.01 - 0.1 Hz.
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Seed voxels were placed to test hypotheses and focus on the following networks:
the sgACC (Fox et al., 2012) along with bilateral amygdalae (Tzourio-Mazoyer et al., 2002)
for the affective network (AN); target of rTMS stimulation, individualized then warped to
MNI coordinates for the fronto-parietal network (FPN); posterior cingulate cortex (PCC;
(Leech etal., 2011) for the DMN and dorsal anterior cingulate cortex (dACC; (Goodkind et
al,, 2015) for the salience network (SN). Adjusted time courses were averaged for each seed
over a 6 mm spherical radius to match spatial characteristics of the image, except for the
target (8 mm to accommodate anatomic variability) and the amygdala (volume from
automated anatomic labeling (Tzourio-Mazoyer et al.,, 2002). The average time course was
correlated with time courses from all other voxels in the brain, Fisher r-to-Z transformed,
and taken to second level, between-group analyses. A statistical model was constructed to
test for the primary effect of rTMS on changing connectivity from scan 1 to scan 2, but
because no effect was found, a secondary model tested for the effect of symptom change
(dichotomized into responder versus non-responder) on changing connectivity, focusing
on sgACC as the primary seed. An additional planned analysis tested for baseline
connectivity as a predictor of symptom change, dichotomized into responder versus non-
responder and modeled in the inverse to accommodate the SPM framework, i.e. symptom
change predicting connectivity. This analysis included rTMS treatments during the taper
phase and subjects who started with sham treatment, but went on to receive active rTMS.
Regression models were run with baseline MADRS and subject movement (mean frame
displacement [FD]; (Power et al., 2012) as co-variates of no interest. Whole brain, voxel-
wise images were statistically thresholded to control type 1 errors at p<0.05 using random

field theory applied to peak voxel values and cluster sizes (cluster threshold = p<0.001;
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(Worsley et al., 1997) In addition to the whole-brain analysis, a seed-to-network analysis
was performed by averaging Z-scores over each of 7 networks covering the entire cortex
(Yeo etal., 2011) for each seed. The primary focus of this analysis was sgACC connectivity,
first with DMN, and then with the fronto-parietal network and within the affective network.
These analyses paralleled the voxel-wise analyses, using ANCOVAs, in SPSS (version 23).

See Supplementary material for additional details of fMRI analysis.

Results

Subjects and Clinical Outcomes

Of the 40 subjects enrolled (from 44 screened), 34 completed the first MRI and 32
completed both scans (Supplementary material, Figure S1). Sixteen subjects completed
each arm. The two groups did not differ on demographic characteristics, although, in spite
of randomization, subjects assigned to the active group had more severe symptoms (Table
1). All subjects, except for 2, were on antidepressant medication (Table S1). Fifty percent of
subjects correctly guessed they were receiving sham stimulation, but 80% of subjects
receiving active stimulation correctly guessing their assignment. Subjects tolerated the
treatments well and there were no serious adverse events.

After 20 treatments at the end of Phase 1, there was a significant effect of time, but
no significant group by time interaction, i.e. no differential effect of active compared with
sham rTMS (p =0.19). This was true for the primary and secondary endpoints, although

effects for all of the depression scales were in the expected direction (Table S2). Response
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and remission rates were 44% and 25%, respectively for the active arm, and 31% and 31%,
respectively, for the sham arm (2 = 0.53, p=0.46, ¢?=0.15, p=0.69, respectively). At the end
of Phase 1, 5 subjects in the sham arm exhibited significant responses (MADRS range 1-8),
and 2 of those subjects elected not to continue with active treatment, while the remaining
14 subjects went on to receive active, open-label treatment in Phase 2.

In the analysis of movement during scanning, the groups did not differ on mean FD

or frames scrubbed (Supplementary materials, Figure S2).

Connectivity change over time

There were no significant effects (group X time interactions) surviving correction
for multiple comparisons across the whole brain in the voxel-wise analysis for any of the 6
seeds. Even examining the sgACC region at an uncorrected threshold of p<0.01, there was
no support for an effect of rTMS on target-to-sgACC connectivity. For the seed-to-network
analysis, we also found no significant effects for the 6 seeds with any networks (all p’s >
0.2).

In contrast to the null effects of rTMS versus sham, sgACC connectivity decreased for
several networks in responders (n=12, which included sham responders), compared to
non-responders (n=20) during Phase 1. Specifically, Phase 1 responders decreased
connectivity between the sgACC with the left inferior parietal lobule (IPL) and the left
orbital frontal cortex (OFC; Figure 1). In the seed-to-network analysis, responders
exhibited reductions in sgACC connectivity with the DMN, as well as the FPN and AN, after

starting with similar connectivity as the non-responders at scan 1 (Figure 2A). As can be
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seen in Figure S3B, the decrease in connectivity appears to affect sgACC connectivity with
all networks, but was only significant for DMN, FPN and AN. The analysis was conducted
without the 5 sham responders, and the network changes in sgACC connectivity over time
were still significant. In addition, when the 7 active rTMS responders were excluded, the
sham responders also exhibited significant reductions in the AN, a trend-level change for
the DMN, but not FPN, in comparison to the non-responders (Figure 2B & C).

Uncorrected, exploratory analyses were conducted for the other seeds with other
networks (Figure S3). The only effects at p<0.05 occurred for bilateral amygdalae with the
AN, showing a slightly different pattern as the responders started with higher connectivity
from the amygdala to the AN, which was reduced below the non-responders in the second
MRI scan (Figure S4). No other seeds showed significant effects of symptom change in
Phase 1 (Figure S3E-G).

Analysis of potential confounding variables for this contrast of responders versus
non-responders showed no difference in age, gender distribution, SES, functioning or
anxiety levels (Table S3). As would be expected, the responders had fewer trials of
antidepressant therapy for the current episode, fewer current psychotropic medications
during the study (Table S1) and lower baseline MADRS scores. There was also a differential
effect on movement, wherein the responders showed an increase in movement from scan 1
to scan 2. However, the effect of movement on connectivity could not explain our results.

See supplementary material for discussion.

Symptom change and baseline connectivity
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We examined the relationship between baseline connectivity and symptom
response, combining Phase 1 patients receiving active treatment with Phase 2 patients who
elected to receive active rTMS after being randomized to sham treatment. Three sham
responders who entered Phase 2 treatment were left out of this analysis (since they had
already ‘responded’), yielding a group of 27 subjects, with response and remission rates at
the end of the taper (25 treatments, total) of 48% (13 of 27) and 33% (9 of 27),
respectively (Figure S5).

In the voxel-wise search, PCC connectivity with the right anterior insula (alns) and
right inferior frontal gyrus (IFG) was greater for non-responders than responders (Figure
3). The responders had negative PCC connectivity with both of these regions (which were
highly correlated, r=0.97), whereas the non-responders had positive connectivity. The alns
focus corresponds to the normal pattern of negative connectivity with the PCC in this
region (Figure 3B). No other seeds exhibited a significant relationship with symptom
improvement, either in the whole-brain, voxel-wise analysis, or the seed-to-voxel analysis.

The two groups of patients did not differ in age, gender distribution, SES,
functioning or symptom measures. However, responders had less treatment resistance
(fewer trials of antidepressant medication, Table S4) and fewer psychotropic medications
during the study (Table S1). Although the non-responders exhibited more movement, this
difference could not have driven the group differences because more movement correlated

with less positive connectivity. See Supplementary material for a discussion of movement.

Discussion
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This study sought to determine connectivity changes with rTMS therapy, and how
connectivity may predict the response to rTMS. While we did not find a significant effect of
rTMS stimulation, relative to sham, on ICN’s, we did find that sgACC connectivity, within
and between networks, reduced with symptom improvement. We also found that DMN
connectivity with the alns and IFG predicted symptom improvement. Overall, our findings
provide clues about connectivity networks and symptom reduction in depression with

important implications for rTMS.

The affective network and depression

Our study adds new findings to the growing literature demonstrating the role of the
sgACC in depression, particularly in the context of treatment response. The decrease in
sgACC connectivity over time is consistent with two prior reports of reduced sgACC
connectivity in rTMS with the caudate nucleus and dorsal anterior cingulate (Salomons et
al,, 2014) and with the DMN (Liston et al., 2014) after rTMS treatment. Our findings expand
upon this prior work, demonstrating that reductions of sgACC connectivity might be
generalized and not specific to selected networks, since sgACC connectivity was reduced
with the AN, as well as FPN and DMN. In our corrected, whole brain search, we found
reduced connectivity with the left IPL and left OFC, neither of which corresponds to the
published reports. However, as the seed-to-network analysis shows, sgACC connectivity
was reduced in the networks that contain these regions (the DMN and FPN, respectively).

Limited experimental power to detect differences (of these 3 studies, the present, at 32
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subjects, was the largest sample size) may have led to variability in the foci that achieved
significance. Cell bodies in the sgACC project to medial frontal, lateral frontal and temporal
cortex (Hamani et al., 2011; Price and Drevets, 2012), and they may contribute to negative
biasing in the attention to external stimuli mediated by executive control systems of the
FPN and negative, ruminative self-talk mediated by the DMN (Hamilton et al., 2015; Price
and Drevets, 2012). If the reduction in correlation strength identified in our findings
represents influence of the sgACC on these regions, it may be the neural correlate of
reduced depressive symptoms.

Our study had the advantage of a sham-treatment arm, in contrast to the rTMS
studies described above, permitting us to examine specific effects of rTMS in parallel with
non-specific effects, such as placebo responses. Non-specific effects could include both
expectation-related improvement in mood (e.g. placebo response) as well as benefits from
daily trips for rTMS sessions, social interaction during treatment or naturalistic resolution
of symptoms. We did not find any specific effects of rTMS, suggesting that observed sgACC
connectivity change may be non-specific. sgACC connectivity with AN and DMN was
reduced over the course of treatment for both the sham responders and the active rTMS
responders, when each group was separately analyzed, in spite of the reduced power in
these sub-group analyses. A similar pattern occurred in the right amygdala. With small
numbers and large variance, these results must be regarded with caution, but the pattern
strongly suggests that AN connectivity change, both within the network (given the
amygdala results) and between the sgACC and DMN, occurs for both actual and sham

responders.
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Our findings are consistent with the conclusion that sgACC connectivity is a ‘final
common pathway’ of rTMS treatment. It may not be specific to the site of rTMS stimulation,
since sgACC connectivity was reduced in a study that stimulated a slightly different dIPFC
location (Salomons et al,, 2014), and another study that stimulated the dorsal medial
prefrontal cortex (Liston et al.,, 2014). sgACC connectivity change occurs in treatment
interventions besides rTMS. For example, sgACC connectivity to the DMN was reduced
after successful CBT (Straub et al., 2017), and connectivity of sgACC with regions in the AN
was reduced in patients undergoing ECT (Argyelan et al., 2016). Studies of placebo
response in depressed patients have also reported reductions in cerebral metabolism in
the sgACC (Mayberg et al., 2002), and opioid activation of sgACC has been associated with
placebo responsiveness in depressed patients (Pecina et al., 2015). Thus, a reasonable
interpretation of our rTMS results is that sgACC connectivity changes represent a
mechanism of disparate interventions treating depression.

The pattern of connectivity in both amygdalae was similar to that found for the
sgACC in an exploratory analysis. The only significant effect (uncorrected p<0.05) occurred
in the AN, of which the amygdala is a constituent. The amygdala and the sgACC have strong
anatomic connectivity as a part of a medial prefrontal network (Ongur and Price, 2000).
Hyperactivity of the amygdala has been reported in depressed patients (Hamilton et al.,
2012; Palmer et al.,, 2014; Price and Drevets, 2012), and dysregulated connectivity between
the amygdala and sgACC has been suggested as a common pathway underlying depressed
mood (Etkin and Schatzberg, 2011; Murphy et al.,, 2016). Others have shown evidence of
abnormal connectivity of the amygdala with prefrontal cortex, related to symptom severity

(Satterthwaite et al., 2015; Wang et al., 2016). Decreasing amygdala connectivity with
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DMN has been reported in depressed patients undergoing CBT (Straub et al., 2017) and
decreasing activation to emotional stimuli (Delaveau et al., 2010). Thus, decreasing
amygdala connectivity in our sample, in concert with decreasing connectivity of the sgACC,
may reflect a normalization of increased connectivity within the affective network and
reduced emotional influence on the rest of the brain. Although no healthy comparison
group was matched to our depressed subjects, comparison of our results with the literature
supports the idea that the reduction in connectivity may have been a normalization of

aberrant affective influence.

Response prediction in PCC-alns/IFG coupling

Searching for baseline connectivity predictors of treatment response, we found PCC
seed connectivity with two regions in close proximity -- the right IFG, actually a part of the
DMN, and the right alns, a constituent of the salience/ventral attention network. Although
we did not have a matched group of control subjects, comparison to a normative database
revealed that patients showing the more normal pattern of a negative correlation between
PCC and alns were more likely to improve their symptoms. Similarly, the increased PCC-
IFG connectivity might also reflect poorer response for patients with more connectivity in
the DMN. Several studies show that the DMN is hyper-connected in depression (Dichter et
al,, 2015; Hamilton et al., 2012; Kaiser et al., 2015), and increased connectivity between
DMN and task positive networks (Kaiser et al., 2015) and within the alns (Manoliu et al.,
2013) has also been noted. This increased connectivity of DMN, a network involved in

stimulus-independent thought, may reflect the hijacking of cognitive processes mediated
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by fronto-parietal and salience networks (also known as ‘task positive’ networks), leading
to poor concentration, depressive rumination and negative biasing of perception (Hamilton
etal, 2011). The alns may mediate the interaction of DMN and task-positive networks,
whereby tasks requiring outwardly-directed attention usually activate the task-positive
networks and deactivate the DMN (Gusnard and Raichle, 2001), something that depressed
patients have trouble doing (Grimm et al., 2009; Kronhaus et al., 2006; Sheline et al.,, 2009).
Increased baseline activity in the alns is associated with poor clinical response (Fu et al,,
2013), and antidepressant treatment is associated with decreased activity in the alns
(Delaveau et al., 2010). A recent publication using vagus nerve stimulation found reduced
connectivity between the DMN and alns with treatment (Fang et al., 2016). There is also
evidence that alns connectivity abnormalities - specifically the right alns -- are widespread
across disorders, as other groups have noted abnormal connections in social anxiety
disorder (Klumpp et al., 2012) and obsessive-compulsive disorder (Stern et al., 2011).
Recent meta-analyses of structural and functional neuroimaging studies converge on the
alns, along with the dACC, as a set of core of brain regions affected across most psychiatric
disorders (Downar etal., 2016). Lastly, it is important to note that the relationship
between PCC connectivity may not have been specific to rTMS, as the symptom reduction
would also included placebo expectations, spontaneous remission and general effects of
study participation. Thus, while PCC-alns and PCC-IFG connectivity may mark a group of
patients with greater insular-DMN pathology who are less likely to respond to rTMS, the

effect could be, like sgACC connectivity, non-specific.

Limitations
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We did not find a significant clinical effect of active rTMS compared to sham
treatment, and this fact must limit any conclusions about the apparent lack of an effect of
rTMS on ICN’s. Depression scores changed in the expected direction and the effect size for
active versus sham treatment was 0.53 (Cohen’s-d), very similar to reported effect sizes of
0.39 - 0.5 for rTMS (Berlim et al., 2014b; Lam et al., 2008; Schutter, 2009; Slotema et al.,
2010), but our experimental power was low (43% for an independent samples t-test and
alpha of 0.05). With only 20 sessions and 60,000 pulses in the blinded phase, a design
copied from older randomized studied (George et al.,, 2010; O'Reardon et al., 2007), our
subjects received fewer pulses than the standard clinical practice (Carpenter et al., 2012;
Taylor et al,, 2017), and data suggests that many patients respond after 20 sessions (Yip et
al,, 2017). Target localization to the left dIPFC, based on a theoretical idea about the
relationship between dIPFC and negative correlations with sgACC, was not standard. These
factors could have contributed to a weaker clinical response, while the fact that our
subjects had only moderate depression severity, may have led to a higher placebo response
rate as others have reported for TMS treatment (Li et al., 2014). More patients receiving
active treatment than those receiving sham treatment correctly guessed their treatment
assignment, suggesting that the sham was not a perfect control for the study. Thus, it would
be inappropriate to conclude from our data that rTMS, itself, has no effect on connectivity.

Several other limitations should be kept in mind. Almost all of our patients were on
medication, and since we only required one month of stable medication dose, there may
have been more symptom instability than if we had required, for example, two months of

stable dosing. In the two analyses contrasting responders with non-responders, the non-
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responders had more prior treatment failures and more psychotropic medications during
the study. Treatment resistance has been linked to a poor response to rTMS (George et al.,
2010; Lisanby et al., 2009), but see (Schutter, 2009). We did not attempt to remove the
effect of treatment resistance by statistical co-variance, as the connectivity finding may be
part of treatment resistance. It is possible that medication could have moderated symptom
improvement observed over the course of rTMS therapy, in line with our interpretation of
reductions in sgACC connectivity as a final common pathway. For purposes of predicting
response to treatment, the presence of medications makes our results more generalizable,
since most patients in regular clinical rTMS are also taking psychotropic medications
(Carpenter etal., 2012; Taylor et al., 2017). Nevertheless, additional studies with larger
sample sizes will be necessary to parse separate effects of current medications regimens
and treatment resistance on connectivity.

Connectivity measures are unstable in small samples, and even though our study,
with 32 subjects, is of average size relative to the published literature, negative findings
must be regarded with caution. The 7-network parcellation used in this study may not
optimally identify appropriate networks for rTMS therapy. While the seed-based approach
to connectivity is simple, it is well suited to test specific hypotheses as we did in this study.
Nevertheless, future work with larger sample sizes that can support data-driven
approaches, like graph theoretic (Rubinov and Bullmore, 2013) or multivariate techniques

(Norman et al.,, 2006), are warranted.

Conclusions
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In conclusion, we have conducted a randomized, controlled study of rTMS in
moderately depressed patients and demonstrated that symptom improvement was
associated with decreasing connectivity of the sgACC within the AN and with DMN and FP
networks. These data reinforce a growing literature about the importance of this node in
the treatment of depression, supporting the conclusion that changing connectivity may be a
final common pathway of disparate treatment interventions, including the placebo
response. Our preliminary finding off PCC-alns connectivity associated with treatment
response aligns with a growing literature on the role of the DMN in depression, but more
data are needed to better understand how depressive symptoms involve aberrant
interactions between DMN and ventral attention/salience node.
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Table 1: Demographic and clinical characteristics of subjects

Active rTMS Sham rTMS
(n=16) (n=16)

Mean S.D. Mean S.D. t, x2 P=
Age,y 46.9 10.7 4413 11.1 0.71 0.48
Males/females, n 5/11 6/10 0.14 0.71
SES 2.63 0.88 2.38 0.72 0.88 0.39
ATHF -life 5.06 3.17 5.56 2.13 0.52 0.60
ATHF -current 2.56 1.75 2.94 1.77 0.60 0.55
Baseline scores
MADRS 25.4 5.7 219 3.1 2.14 0.04
HRSD-17 16.0 3.9 13.1 2.3 2.56 0.02
QIDS-SR 16.5 4.2 13.9 3.2 1.94 0.06
GAD-7 9.9 5.6 8.1 5.7 0.91 0.37
WSAS 27.4 8.0 26.6 5.8 0.30 0.76
GAF 52.6 4.7 55.6 4.3 1.86 0.07

Abbreviations: SES: Socio-Economic Status; ATHF-life, current: Antidepressant Treatment
History Form, total number of medication trials and augmentation strategies, lifetime,
current; MADRS: Montgomery-Asberg Depression Rating Scale; HRSD-17: Hamilton Rating
Scale for Depression, 17-item version; QIDS-SR: Quick Inventory of Depressive Symptoms,
Self-Rated; GAD-7: Generalized Anxiety Disorder Assessment; WSAS: Work and Social
Adjustment Scale; GAF: Global Assessment of Function.
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Figure Legends

Figure 1: Change in sgACC connectivity for responders versus non-responders

(A) Areas of connectivity changes for the sgACC seed are shown, contrasting responders
versus non-responders during Phase 1. A significant focus occurred in the left inferior
parietal lobule (IPL;-54, -55, 49; k=126, Z=4.37,p=0.005 FWE orr-cluster) and the left orbital
frontal cortex (OFC; -30, 50, -11; k=87, Z=3.93, p=0.027 FWEcorr-cluster). Foci are displayed at
an uncorrected threshold of p<0.001. (B) Extractions for these regions show the change in

connectivity from scan 1 to scan 2, for each focus.

Figure 2: Change in connectivity for responders versus non-responders, seed-to-
network analysis

Seed-to-network connectivity is reduced in responders during Phase 1 for the sgACC seed
(A) to the affective network (F[1,28] = 13.17, p =0.001), fronto-parietal network F[1,28] =
6.57, p =0.016) and default mode network (DMN; F[1,28] = 6.15, p =0.019). (B) Seed-to-
network connectivity changes in the sgACC are demonstrated separately for the active
r'TMS responders (compared to all non-responders) for AN (F[1,23] = 6.77, p =0.016), FPN
(F[1,23] =11.6, p =0.002) and DMN (F[1,23] = 5.65, p =0.026); and (C) the sham
responders (compared to all non-responders) for AN (F[1,21] =9.33, p =0.006), FPN

(F[1,21] = 1.27, p =0.27) and DMN (F[1,21] = 3.29, p =0.084). S1 = Scan 1; S2 = Scan 2.

Figure 3: Baseline connectivity predicting treatment response
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Treatment responders have (A) less connectivity between the PCC seed and the right
anterior insula (alns; 42, 17, -14; k=60, Z=4.84 p=0.035 FWEorr-peak) and right inferior
frontal gyrus (IFG, 36, 32, -23, k=117, Z=4.24, p=0.008 FWEorr-cluster). (B) From a database
of 1000 healthy subjects (neurosynth.org; (Yarkoni et al., 2011) connectivity to the right
alns is normally negative, (C) which is the pattern of connectivity for responders (green

circles) depicted in the scattergram.

Highlights
e Subgenual connectivity decreased with response to sham and active treatment
e Connectivity decreased within affective network and with default mode network
¢ No differential effect of active versus sham TMS on connectivity
e sgACC connectivity change may be a final common pathway in depression treatment

e Baseline default mode connectivity predicted symptom change
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