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Background and objective: Repetitive transcranial magnetic stimulation (rTMS) is a ﬁrst-line treatment
for treatment-resistant depression (TRD). The mechanisms of action of rTMS are not fully understood,
and no biomarkers are available to assist in clinical practice to predict response to rTMS. This study
aimed to demonstrate that after-rTMS clinical improvement is associated with functional connectivity
(FC) changes of the subgenual cingulate cortex (sgACC) and rostral anterior cingulate (rACC), and FC of
sgACC and rACC might serve as potential predictors for treatment response.
Methods: Resting-state functional magnetic resonance imaging (rs-fMRI) data were collected within 1
week before rTMS initiation in 50 TRD patients to predict subsequent response to rTMS on the left
dorsolateral prefrontal cortex (DLPFC). Follow-up rs-fMRI was obtained 12 weeks after completion of
rTMS and neural correlates of rTMS in sgACC- and rACC-related FC patterns were compared to before
rTMS data and with rs-fMRI from healthy participants.
Results: Treatment response was associated with lower FC of sgACC to right DLPFC and higher FC of rACC
to left lateral parietal cortex (IPL) measured at baseline. Using sgACC-DLPFC and rACC-IPL connectivity as
features, responder-nonresponder classiﬁcation accuracies of 84% and 76% (end-of-treatment), 88% and
81% (3-month follow-up), respectively were achieved. Longitudinal rs-fMRI data analyses revealed that
the hyperconnectivity between sgACC and visual cortex was normalized to a level which was comparable
to that of healthy participants.
Conclusions: Brain activity patterns in depression are predictive of treatment response to rTMS, and
longitudinal change of brain activity in relevant brain circuits after rTMS is associated with treatment
response in depression. Target engagement paradigms may offer opportunities to increase the efﬁcacy of
rTMS in TRD by optimal selection of patients for treatment.
Trial registration: ClinicalTrials.gov Identiﬁers: NCT01887782 and NCT02800226.
© 2019 Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Major depressive disorder (MDD) is the leading cause of
disability in the world and is associated with personal, family and
social burden [1]. In psychiatry, treatment is prescribed on an
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empirical basis based on clinical proﬁle. The identiﬁcation of reliable and robust biologically-based predictors of treatment response
and neural correlates of symptom improvement may improve
clinical outcomes and decrease risk of side effects by indicating
speciﬁc interventions based on a priori likelihood of improvement.
Neuroimaging and neurophysiological measures have been
proposed as potential biomarker candidates [2,3]. Speciﬁcally, brain
activity patterns within two sub-regions of the anterior cingulate
cortex (ACC), namely the subgenual ACC (sgACC [4]) and rostral ACC
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(rACC [5]), show promise in this regard. The sgACC is an extensively
connected component of the limbic system that modulates
emotional processing [4,6] and its functional connectivity with
other brain regions has shown hyperconnectivity in patients with
treatment-resistant depression (TRD) [4,7]. Thus, FC and
morphology of sgACC have been investigated as potential predictive biomarkers of treatment response in depression across diverse
treatment modalities, including antidepressant medications [8,9],
evidence-based psychotherapy [9,10], repetitive transcranial magnetic stimulation (rTMS) [11e14], and electroconvulsive therapy
[15,16]. Unlike the sgACC, which is located underneath the genu of
the corpus callosum, the rACC is located anterior to the genu, and is
often considered as a hub region of the default mode network
(DMN) [17]. Similar to the sgACC, the activity and morphology of
rACC have also been proposed as promising biomarkers of treatment response in depression [18]. However, contrary to the ﬁndings of sgACC, rACC activity has consistently been found to be
hypoactive in nonresponders, relative to responders (see review by
Pizzagalli [5]), treated with antidepressant medication [19], sleep
deprivation [20], and rTMS [21,22]. The understanding of the
pathophysiology of MDD has shifted to a model based on dysregulation of neural networks, rather than a single neuroanatomical
location [23]. In this light, studies looking at the sgACC and the rACC
in isolation view these two regions as nodes of separate neural
brain networks with different patterns of activity/connectivity and
predictive capacities between responders and nonresponders.
The main goal of the present study was to examine whether the
FC of sgACC and rACC could serve as short- and long-term predictors of response to rTMS A secondary goal was to identify longitudinal resting-state functional connectivity (FC) correlates of
treatment response to rTMS. We hypothesized that rTMS would
normalize the abnormal hyperconnectivity of the sgACC and this
change in brain activity would be associated with change in
symptoms.
Methods
Participants
Participants were outpatients between the ages of 18e65 with a
diagnosis of unipolar MDD who did not respond to at least one
adequate or two inadequate antidepressant trials during the current episode, as assessed by the Antidepressant Treatment History
Form (ATHF) [24]. Detailed inclusion and exclusion criteria have
been previously described [25] and are provided in Supplementary
Tables S1 and S2. In total, 50 patients were used to investigate
baseline predictors; 32 patients and 24 HCs were used to investigate neural correlates of treatment response. The present study
employed data from the UBC site of the THREE-D trial [25].
Written informed consent was obtained from all participants.
The trial was approved by the Clinical Research Ethics Board of the
University of British Columbia (UBC) and Vancouver Coastal Health
Authority, and registered as two separate trials with identical inclusion and exclusion criteria and treatment intervention
(clinicaltrials.gov identiﬁers NCT01887782 and NCT02800226).
Clinical outcome measures
The 17-item Hamilton Rating Scale for Depression (HRSD)
served as the primary outcome measure. Endpoint outcomes were
measured upon completion of the ﬁnal session of treatment and at
follow-up (12 weeks after the ﬁnal treatment session). Response
was deﬁned as 50% reduction in HRSD from baseline, remission
was deﬁned by a total score <8 as in the primary THREE-D analysis
[25].
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rTMS treatment protocol
Patients completed 20 to 30 sessions of 10 Hz (high-frequency
left stimulation, HFL; n ¼ 26) or intermittent theta-burst (iTBS;
n ¼ 24) rTMS treatment on a MagPro-X100 stimulator with a CoolB70 ﬂuid-cooled coil (Magventure, Farum, Denmark) over the left
dorsolateral prefrontal cortex (DLPFC), with a neuronavigation
system (Visor 2.0, ANT Neuro, Enschede, Netherlands) to target the
Montreal Neurological Institute (MNI) coordinate (X-38 Yþ44
Zþ26) [11]. The details of neuronavigation and treatment procedures are described in the Supplement Material.
Imaging data acquisition and preprocessing
Baseline and follow-up imaging data for each participant were
collected within 1 week before rTMS initiation, and 12 weeks after
the ﬁnal rTMS session, respectively. For HCs (they did not receive
rTMS), the follow-up data were collected 18 weeks post baseline.
Imaging was performed on a single Philips Achieva 3T scanner at
UBC MRI Research Centre. Participants were asked to keep still with
their eyes open and to try not to think of anything in particular. A
total of 300 vol of echo-planar images and high-resolution T1weighted images were obtained. MRI acquisition and preprocessing details are described in the Supplement Material.
Functional connectivity analysis
Seed-based analyses were conducted to assess whole-brain
baseline FC of the sgACC [12] and rACC seeds [17] (Fig. 1A).
Cluster-level threshold was set at p < 0.05 using family-wise error
(FWE) rate correction for multiple comparisons, with voxel-wise
threshold p < 0.001. Data processing and multiple-comparison
correction procedures are described in the Supplement Material.
Subject-level prediction with baseline functional connectivity of
sgACC and rACC
Regression analyses were used to identify functional connections at baseline that were signiﬁcantly correlated with improvement of HRSD scores at both end of rTMS treatment and 12 weeks
post rTMS (Supplement Material). We examined the sensitivity and
speciﬁcity of these connections in distinguishing responders and
nonresponders by using receiver operating characteristic (ROC)
curves. We employed non-parametric permutation tests to determine whether the discriminative performances occurred by chance
[26] (Supplement Material).
Longitudinal rs-fMRI analyses at 3-month follow
A two-way analysis of covariance (ANCOVA) and post-hoc analyses were performed to determine the group  time interaction,
main effects of group (responders, nonresponders and HCs) and
time (baseline and follow-up) on sgACC- and rACC-based FC, with
age, sex, educational level, handedness, treatment protocol and
frame-wise displacement (FD) of the head motion as nuisance
covariates. As a supplementary analysis, we re-analyzed our data
without any nuisance variables added to the statistical model to
mitigate the risk that the present results were driven by these
nuisance variables. The results of ANCOVA were presented with a
threshold at cluster-level p < 0.05 using family-wise error rate
correction for multiple comparisons, with voxel-wise threshold
p < 0.001. Next we performed correlational analysis between the
changes of the HRSD scores (from baseline to follow-up) and brain
measurements (i.e. sgACC- and rACC-related FC patterns) in the
areas showing a signiﬁcant main effect of time, main effect of group

208

R. Ge et al. / Brain Stimulation 13 (2020) 206e214

Fig. 1. Neuroimaging predictors of treatment response, with the responders deﬁned with > 50% improvements in HRSD obtained after the ﬁnal rTMS treatments. (A) Seeds
used in the present study (sgACC MNI coordinate: (Xþ2 Yþ18 Z-8); rACC MNI coordinate: (X-3 Yþ39 Z-2)). Connectivity of the left inferior parietal lobule (IPL, blue circle) with rACC
(B), and right dorsolateral prefrontal cortex (DLPFC, red circle) with sgACC (C) that exhibited signiﬁcant positive and negative correlation with HRSD improvement. L: left
hemisphere, R: right hemisphere. Mean sgACC-DLPFC (E) (red bars) and rACC-IPL (D) (blue bars) connectivity (Fisher’s z) in each group. sgACC-DLPFC (G) and rACC-IPL (F) connectivity plotted against percent change in depression severity across all samples. Receiver operating characteristic (ROC) curves for classiﬁcation of response status with sgACCDLPFC (I) and rACC-IPL (H) connectivity. AUC: area under curve. Sensitivity (true-positive rate) depicts the proportion of nonresponders who were correctly identiﬁed; speciﬁcity
(true-negative rate) depicts the proportion of responders who were correctly identiﬁed. **p < 0.001. sgACC: subgenual anterior cingulate cortex; rACC: rostral anterior cingulate
cortex; DLPFC: dorsolateral prefrontal cortex; IPL: lateral parietal cortex; HRSD: Hamilton Rating Scale for Depression. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)

or group  time interaction. Moreover, to identify functional connections whose changes between baseline and 3-month follow-up
were signiﬁcantly correlated with improvement of HRSD scores, we
have conducted regression analysis (in the whole brain) on changes
of sgACC-related FC and changes of rACC-related FC with
improvement of HRSD scores as regressor.
Mediation analysis was performed to explore the role of baseline
sgACC-DLPFC FC (as well as sgACC-DLPFC change) in the association
between the FC changes of sgACC-fusiform s and improvement of
depression symptoms in patients (Supplement Material).
Results
Participant demographics
Responders and nonresponders did not differ on age, sex,
educational level, handedness (Table 1 and Supplement Table S3),
head motion, or treatment protocol allocation. Although not signiﬁcant, these variables were included as covariates of no interest
in group-level analyses.
Clinical outcomes
Demographic and clinical characteristics of responders and
nonresponders are shown in Table 1. Baseline HRSD scores of

responders were very similar to that of nonresponders (p > 0.50),
and these scores signiﬁcantly decreased in both groups following
treatment (p < 0.001). For the immediate post-treatment HRSD
scores, there was no signiﬁcant difference in the number of responders and nonresponders for the iTBS and HFL protocols (16
responders and 8 nonresponders with iTBS; 13 responders and 13
nonresponders with HFL, c2 ¼ 0.82, p ¼ 0.36 with Yates correction),
and number of remitters and nonremitters for the iTBS and HFL
protocols (12 remitters and 12 nonremitters with iTBS; 10 remitters
and 16 nonremitters with HFL, c2 ¼ 0.29, p ¼ 0.59 with Yates
correction). For 3-month post-treatment HRSD scores, there was no
signiﬁcant difference in the number of responders and nonresponders for the iTBS and HFL protocols (16 responders and 4
nonresponders with iTBS; 11 responders and 10 nonresponders
with HFL, c2 ¼ 2.36, p ¼ 0.12 with Yates correction), and number of
remitters and nonremitters for the iTBS and HFL protocols (10 remitters and 11 nonremitters with iTBS; 7 remitters and 14 nonremitters with HFL, c2 ¼ 0.40, p ¼ 0.53 with Yates correction). There
was no difference in baseline HRSD scores (p ¼ 0.54), immediate
post-treatment HRSD scores (p ¼ 0.14), change of HRSD scores
immediately after treatment (p ¼ 0.14), 3-month post-treatment
HRSD scores (p ¼ 0.10), change of HRSD scores 3-month after
treatment (p ¼ 0.09), or treatment course length (p ¼ 0.45) between iTBS and HFL protocols. Treatments were well tolerated,
with similar rates of side effects and dropout rates in both

Abbreviations: M, male; F, female; yrs, years; SD, standard deviation; L, left; R, right; A, ambidextrous; HDRS, 17-item Hamilton Rating Scale for depression; mo, months; ATHF, Antidepressant Treatment History Form. a Chisquare test. b Two-sample t-test for responder/remitter and non-responder/non-remitter groups.
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Demographics and clinical characteristics of the participants (analyzed sample).

Sex (M/F)
11/18
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43.58(11.50)
Educational level (yrs), mean (SD)
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Handedness (L/R/A)
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HRSD at baseline, mean (SD)
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HRSD at the end of treatment, mean (SD) 5.38(4.00)
HRSD at 3-mo follow-up, mean (SD)
7.46(6.42)
Age at onset (yrs), mean (SD)
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treatment arms. There was one serious adverse event: one participant in the pilot trial completed suicide (NCT02800226).
Baseline neuroimaging predictors of treatment response
The rACC-based FC showed a signiﬁcant left inferior parietal
lobule cluster (IPL, peak voxel (x, y, z) ¼ (48, 54, 36),
t(49) ¼ 4.05; 648 mm3; Fig. 1B). Speciﬁcally, the stronger the FC
between the rACC and the IPL, the greater the improvement on
HRSD (Fig. 1F, r ¼ 0.49, p ¼ 3.48  104 ); responders and remitters
had higher FC between the rACC and IPL relative to nonresponders
and nonremitters, respectively (Fig. 1D and G).
On the other hand, sgACC-based FC showed the opposite pattern
for a right DLPFC cluster (peak voxel (x, y, z) ¼ (42, 6, 21),
t(49) ¼ 6.08; 2214 mm3) (Fig. 1C) with HRSD improvement as the
regressor of interest. Speciﬁcally, the stronger the FC between
sgACC and right DLPFC, the lesser improvement on HRSD (Fig. 1K,
r ¼ 0.62, p ¼ 1.95  106 ); nonresponders and nonremitters had
higher FC between sgACC and right DLPFC relative to responders
and remitters, respectively (Fig. 1I and L).
We computed correlations between HRSD improvement and the
rACC-IPL and sgACC-DLPFC connectivity pairs for the two different
intervention types (iTBS and HFL). The results showed that for both
interventions, HRSD improvement signiﬁcantly correlated with the
rACC-IPL and sgACC-DLPFC connectivity pairs (Fig. S2), and these
correlations did not differ from each other (p ¼ 0.92 for rACC-IPL
pair of iTBS versus HFL; p ¼ 0.90 for sgACC-DLPFC pair of iTBS
versus HFL; see Supplement Fig. S2).
ROC curves were employed to characterize the predictive value
of the FC measures for sgACC and rACC, respectively. Connectivity
within both seed regions exhibited signiﬁcantly higher discriminative performance than chance level. For the classiﬁcation of responders and nonresponders, the AUC of the sgACC-DLPFC
connectivity was 0.87 (95% conﬁdence interval (CI), 0.76 to 0.98;
p < 0.001 with permutation test repeated 10,000 times, Fig. 1J) and
the AUC of the rACC-IPL connectivity was 0.75 (95% CI, 0.61 to 0.89;
p ¼ 0.001 with permutation test repeated 10,000 times, Fig. 1E).
Classiﬁcation accuracies were 84% (sensitivity 81%, speciﬁcity 86%)
and 76% (sensitivity 48%, speciﬁcity 97%) for the sgACC-DLPFC
connectivity and rACC-IPL measures, respectively. For the classiﬁcation of remitters and nonremitters, the AUC of the sgACC-DLPFC
connectivity was 0.90 (95% conﬁdence interval (CI), 0.81 to 0.99;
p < 0.001 with permutation test repeated 10,000 times, Fig. 1M)
and the AUC of the rACC-IPL connectivity was 0.76 (95% CI, 0.61 to
0.89; p < 0.001 with permutation test repeated 10,000 times,
Fig. 1H). Classiﬁcation accuracies were 88% (sensitivity 89%, speciﬁcity 86%) and 74% (sensitivity 71%, speciﬁcity 77%) for the sgACCDLPFC connectivity and rACC-IPL measures, respectively. Furthermore, the effect sizes (Cohen’s d) of the difference in average
connectivity values for responders versus nonresponders in right
DLPFC and left IPL were 1.68 and 0.99, and the difference in average
connectivity values for remitters versus nonremitters in right
DLPFC and left IPL were 1.77 and 0.66 (values conventionally
interpreted as constituting medium to large effect sizes) [27]. The
discovery-replicate analysis showed that the results of the discovery and replicate dataset replicated the primary ﬁndings (Fig. S5
and Fig. S6, see details in Supplement Material).
For all patients (n ¼ 42) who received two MRI scans, the sgACCand rACC-related FC results replicated that of Fig. 1 (with accuracy
of 76% and 67% for sgACC and rACC for classiﬁcation of responders
and nonresponders at the 3-month follow-up visit, accuracy of 79%
and 64% for sgACC and rACC for classiﬁcation of remitters and
nonremitters at the 3-month follow-up visit, respectively) (Fig. 2).
For the 32 patients who did not change their responsive or
remissive status at the 3-month follow-up visit, the sgACC- and
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Fig. 2. Neuroimaging predictors of treatment response. Note that the responders were deﬁned with > 50% improvements in HRSD obtained at 3 months after the ﬁnal rTMS
treatments. Mean rACC-LPC (A) (blue bars) and sgACC-DLPFC (B) (red bars) connectivity (Fisher’s z) in each group. rACC-LPC (C) and sgACC-DLPFC (D) connectivity plotted against
percent change in depression severity across patients who received two MRI scans. Receiver operating characteristic (ROC) curves for classiﬁcation of response status with rACC-LPC
(E) and sgACC-DLPFC (F) connectivity. The results of the permutation test (10,000 times) on area-under-curve (AUC) values were presented. sgACC: subgenual anterior cingulate
cortex; rACC: rostral anterior cingulate cortex. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

rACC-related FC results replicated that of Fig. 1 (with accuracy of
88% and 81% for sgACC and rACC for classiﬁcation of responders and
nonresponders at the 3-month follow-up visit, accuracy of 84% and
66% for sgACC and rACC for classiﬁcation of remitters and nonremitters at the 3-month follow-up visit, respectively) (Supplement
Fig. S3).
Longitudinal rs-fMRI analyses and association to clinical outcomes
For sgACC-related FC patterns, a signiﬁcant main effect of group
was found in the right DLPFC (peak voxel (x, y, z) ¼ (48, 9, 27),
F(1,54) ¼ 9.02; 171 mm3, Fig. 3A). A main effect of time was
observed in the left occipitotemporal region (appearing to mainly
include left fusiform and extending to the left inferior temporal
cortex, peak voxel (x, y, z) ¼ (39, 63, 6), F(1,54) ¼ 14.93;
513 mm3) and in the middle occipital cortex (MOC, peak voxel (x, y,
z) ¼ (45, 87, 18), F(1, 54) ¼ 19.50; 972 mm3) (Fig. 3B). No signiﬁcant group  time interaction was found. No signiﬁcant result
was found for rACC-related FC patterns. For the comparisons between responders, nonresponders and HCs, our results revealed
that responders and nonresponders showed signiﬁcant decrease in
FC of the sgACC-DLPFC, sgACC-fusiform, and sgACC-MOC pairs
between baseline and follow-up scans, whereas HCs’ FC of these
pairs remained stable between baseline and follow-up scans.
Nonresponders showed higher FC of the sgACC-fusiform and
sgACC-MOC pairs at baseline scan relative to HCs, and this hyperconnectivity was normalized to the HCs’ level at the follow-up
scan, whereas the sgACC-DLPFC still showed higher connectivity
than HCs at the follow-up scan. At baseline, responders showed
similar FC of the sgACC-DLPFC, sgACC-fusiform, and sgACC-MOC
pairs of the HCs’. Moreover, our results revealed that nonremitters showed signiﬁcant decrease in FC of the sgACC-DLPFC,
sgACC-fusiform, and sgACC-MOC pairs between baseline and
follow-up scans, whereas remitters’FC and HCs’ FC of these pairs
remained stable between baseline and follow-up scans. Nonremitters showed higher FC of the sgACC-DLPFC and sgACCfusiform pairs at baseline scan relative to HCs, and this hyper-

connectivity was normalized to the HCs’ level at the follow-up
scan. Remitters showed similar FC of the sgACC-DLPFC, sgACCfusiform, and sgACC-MOC pairs of the HCs’ (Fig. 3A and B). When
the analyses were repeated without inclusion of any nuisance
variables, we found that the observed main effects of group and
time largely overlapped with ANCOVA results with nuisance variables (Supplement Fig. S7). This result suggested that the present
results were not driven by the nuisance variables.
No signiﬁcant clusters were identiﬁed in the regression analyses
on the changes of sgACC and rACC-related FC with HRSD changes as
regressor in the whole brain. However, correlational analysis conducted on clusters that show a signiﬁcant effect of group or time in
the ANCOVA model revealed that lesser decrease of sgACC-leftfusiform connectivity was associated with more HRSD improvement (r ¼ 0.38, p ¼ 0.03) (Fig. 3C). Path analysis showed that
lower baseline sgACC-DLPFC connectivity was associated with
greater decrease of sgACC-fusiform connectivity, which in turn was
associated with greater improvement of depressive symptoms.
Analysis indicated that there was a signiﬁcant indirect association
between changes of sgACC-fusiform connectivity and depressive
symptoms, mediated through baseline sgACC-DLPFC connectivity
(Fig. 3D). Our path analysis did not reveal a signiﬁcant mediation
effect of sgACC-DLPFC FC changes in the association between
sgACC-fusiform FC changes and HRSD changes.
Discussion
The etiopathogenesis of depression has an unquestionable biological basis, and abnormalities in brain function must underlie its
symptomatic expression; therefore, resolution of symptoms shall
be the expression of underlying changes in brain function. The results of this study provide an account of brain function status before
a treatment intervention as well as changes in brain function after
the intervention using rs-fMRI signal in patients with TRD who
receive excitatory rTMS to the left DLPFC; the focus is on ascertaining links between brain function abnormalities and clinical
symptoms, and how changes in both dimensions are associated.
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Fig. 3. Signiﬁcant main effect of group and time. Signiﬁcant main effect of group (A) of sgACC-related functional connectivity patterns was observed in the right DLPFC. Signiﬁcant main effects of time (B) of sgACC-related functional connectivity patterns were observed in the left fusiform and MOC. (C) Changes of sgACC-fusiform functional connectivity negatively correlated with changes of HRSD scores. (D) Path analysis indicated that changes of sgACC-fusiform functional connectivity were related to changes of
depressive symptoms and to the sgACC-DLPFC functional connectivity. In the ﬁrst linear regression model, we found that changes of sgACC-fusiform were signiﬁcantly associated
with sgACC-DLPFC connectivity (beta ¼ 0.02, p ¼ 0.002). In the second linear regression model, we found that while controlling for changes of sgACC-fusiform connectivity, sgACCDLPFC connectivity was signiﬁcantly associated with changes of HRSD (beta ¼ 1.41, p ¼ 0.003). Lastly, we used bias-corrected bootstrapping to conﬁrm the signiﬁcance of the
indirect effect of changes of sgACC-fusiform connectivity on changes of HRSD in the presence of sgACC-DLPFC connectivity (coefﬁcient ¼ 0.03; 95% CI ¼ 0.01e0.07). n.s.: nonsigniﬁcant. sgACC: subgenual anterior cingulate cortex; DLPFC: dorsolateral prefrontal cortex; MOC: middle occipital cortex; HRSD: Hamilton Rating Scale for Depression.

Our results show that rTMS is associated with changes in brain
function three months after completing treatment, and brain
function changes are associated with changes in depressive
symptoms. To the best of our knowledge this is the ﬁrst such evidence in the context of a randomized controlled trial of rTMS.

Short and mid-term brain function biomarkers of treatment
response
We found that while stronger baseline sgACC FC with right
DLPFC was consistently associated with less clinical improvement
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both at the end of rTMS treatment (6 weeks) and at 3-month follow
up, stronger rACC FC with left IPL was associated with greater
clinical improvement; both were predictive biomarkers of outcome
at both time points. In other words, before treatment there was a
brain function signature of patients with TRD who eventually
responded to or achieved remission with rTMS and sustained that
response after 3 months. This brain function proﬁle was characterized by lower levels of FC of sgACC and right DLPFC and higher
levels of FC of rACC and leftIPL. The predictive capacity of these two
candidate biomarkers remained stable when we re-deﬁned
responsiveness and remission based on the longitudinal followup data (Fig. 2 and Fig. S3). This result demonstrates the robustness of these two predictors over a longer time frame (i.e., 3
months); to the best of our knowledge, this is a novel ﬁnding not
reported in the prior literature.
Our results support and extend earlier ﬁndings of sgACC activity
[8,10] and connectivity patterns [9,11] predicting treatment
outcome in MDD, and strengthen the case for the role of sgACC both
in the pathophysiology of MDD and as a target for its treatment. The
sgACC is a major neural substrate in processing of emotional stimuli
and is involved in emotional behavior output [5], and has been used
as a probe examining the affective network in depressed patients
[6]. The activity of the right DLPFC has repeatedly been linked to
emotional modulation. Speciﬁcally, it is involved in attentional
modulation of emotional judgment in MDD patients [34,35], and its
hyperactivity in an emotional task correlates with depression
severity [34]. The fact that FC between right DLPFC and sgACC
distinguished responders and nonresponders argues for a role of
the sgACC in the affective system. The greater baseline connectivity
between sgACC and right DLPFC in nonresponders may reﬂect the
availability of this system to be recruited in negative valence
emotional bias as well as increased attention to self-judgments
which are predominant traits in MDD patients [35]. Additionally,
it is possible that higher FC between sgACC and right DLPFC is an
index of improper integration within large emotional processing
networks and inadequate top-down emotional regulation in nonresponders. A recent study found that rTMS efﬁcacy was predicted
by anticorrelation between the left DLPFC and sgACC [13]. Weigand
and colleagues used a ROI approach focused only on the left DLPFC,
while we opted for a whole brain strategy, and thus it cannot be
ruled out they might have found a similar result to the present
study regarding the right DLPFC. In our sample, the left DLPFC
connectivity with sgACC did not survive correction for multiple
comparisons across the entire brain (Supplement Fig. S4), but a
more liberal approach would have retained that ﬁnding. In addition, it is important to note that we used neuronavigation to target
in every rTMS session, while Weigand and colleagues [13] used a
rule of 5.5 cm and they likely had a larger variability with regards to
target engagement. Instead, our results indicate predictive capability of nonresponsiveness of sgACC to the contralateral site of
stimulation (i.e. right DLPFC). This ﬁnding is intriguing and poses
the question of whether patients with a strong sgACC-right-DLPFC
connectivity might be better candidates for inhibitory rTMS to the
right DLPFC. Since low-frequency right DLPFC stimulation has been
shown to be an effective treatment of TRD [36], it would be
worthwhile in future research to investigate predictive values of
the FC patterns of sgACC in clinical trials that stimulate right DLPFC.
Our ﬁndings might have relevant clinical implications as triaging
out for excitatory left DLPFC rTMS patients with higher baseline
sgACC-right-DLPFC connectivity would be more likely to be associated with increased efﬁcacy rates by decreasing the percentage of
patients unlikely to respond to excitatory left DLPFC.
Employing a data-driven multivariate approach, we recently
reported that nonresponders displayed hypoconnectivity in rACC/
VMPFC (ventromedial prefrontal cortex) within the DMN and that

this region exhibited good performance in discriminating the
treatment response status of patients [37]. Our current study using
an a priori seed-driven approach provides converging evidence for
the predictive capability of rACC. The rACC, with its adjacent
VMPFC, activates across a diverse range of mnemonic, social and
emotional tasks that involve personally signiﬁcant information, and
it is a hub region of the DMN [38], which has been shown to be
altered in MDD [39]. In light of evidence showing the involvement
of the DMN and rACC/VMPFC in self-referential thinking [39,40],
our results would support the hypothesis that elevated rACC/
VMPFC connectivity with the IPL, a conventional region of the DMN
[38], confers better treatment outcome by fostering adaptive selfreferential processing and adaptive aspects of rumination [5,41].
The present results also demonstrated that rACC connectivity is
opposite to that of sgACC in terms of predictive direction, and this
may suggest that the sgACC- and rACC-related neural systems work
in concert to oppositely regulate and/or balance treatment effects.

Changes in brain function after rTMS and their association to
clinical improvement
The longitudinal analysis showed that rTMS had a normalizing
effect on abnormally higher sgACC-related connectivity in the right
DLPFC and occipitotemporal region. We observed that the
normalization of sgACC-DLPFC connectivity only presented in
nonresponders, who had differences relative to HCs at baseline. Our
results echoed a recent report [28] that demonstrated the baseline
FC of the visual regions and the reduced local FC patterns of the
visual regions predicted treatment response of electroconvulsive
therapy. Abnormality of fusiform activity in MDD patients has been
repeatedly linked to perception of emotion with facial stimuli and
declarative memory [29], and the abnormal neural activity of
fusiform has been associated with symptoms of depression in both
task state and resting state [30,31]. The abnormal activation of this
region in emotional processing was normalized after antidepressant treatment [32]. The present study demonstrated higher FC
between this region and sgACC in both patient groups relative to
HCs at baseline, and this hyperconnectivity decreased to the HCs’
level after treatment. The changes of sgACC-fusiform connectivity
were associated with improvement of clinical symptoms, and these
associations were mediated through sgACC-DLPFC connectivity.
These ﬁndings suggest that sgACC-fusiform connectivity contributes to hyperconnectivity of sgACC-DLPFC, which, in turn, may
decrease the possibility of symptom relief with rTMS. Although
path analysis can imply a causal relationship between the variables
of interest, our study cannot impute causality since we did not
observe any mediation effect of sgACC-DLPFC FC changes in the
association between changes of sgACC-fusiform FC and symptoms.
Thus, these results should only be interpreted as supportive, or
preliminary, in nature. Nevertheless, our ﬁndings suggest that rTMS
therapeutic substrates include interactions between different brain
systems. Speciﬁcally, rTMS treatment might have led to changes
between systems in charge of emotional social perception, within
which fusiform plays an important role [33], as well as changes in
emotion regulation systems where sgACC and DLPFC play roles [2].
Informed by the present ﬁndings, future studies could test the
therapeutic interactions of different systems by employing tasks
spanning different emotional and cognitive processes. Although
sgACC-MOC connectivity decreased in both responders and nonresponders in the follow-up scans, this connectivity pair per se had
no difference at baseline relative to HCs. Also, we did not ﬁnd a
correlation between the decrease in sgACC-MOC connectivity and
depressive symptoms. Accordingly, the change was unlikely to
reﬂect the therapeutic substrates of rTMS, which indicates a
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possibility that this change was a byproduct rather than the underlying mechanism of rTMS.
Our ﬁndings should be considered in light of some limitations.
First, type of treatment protocol might have been a source of
variability confounding results. We considered this in our analyses
by modeling type of protocol as a nuisance variable. In addition, it is
important to note that outcomes were not statistically different at
any time point. Secondly, drug-naïve patients would have eliminated the potential confounding effect of different antidepressant
regimens across patients. This is a limitation intrinsic to the TRD
population as patients by deﬁnition had previous exposure to antidepressants. On the other hand, this feature of our study population reﬂects real-world practice in rTMS clinics, where patients
typically maintain a stable medication regimen rather than discontinue pharmacotherapy during rTMS treatment, and thus our
results may have greater external validity. Thirdly, we did run analyses using treatment type as a between factor and it did not yield
any signiﬁcant differences between different treatment types. Since
our sample size is limited though we appreciate this might be false
negative. Finally, our results are converging with previous research
regarding the ability of sgACC connectivity to predict rTMS
response in TRD [11], but our longitudinal results required
replication.
In summary, our ﬁndings may provide the foundation for a
prospective clinical trial using these biomarkers and neural substrates. From a mechanistic perspective, our demonstration of differential effects of baseline and longitudinal sgACC and rACC
connectivity between responders and nonresponders may
contribute to a better understanding of neural substrates associated
with rTMS treatment response at a network level. From a clinical
standpoint, the present ﬁndings suggest that it may be possible to
determine with a signiﬁcant degree of accuracy individuals who
may respond to excitatory left DLPFC rTMS. With further development, a sgACC and rACC connectivity index (especially that of
sgACC) may prove useful for outcome prediction prior to engaging
in rTMS treatment.
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