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Task-Modulated Brain Activity Predicts
Antidepressant Responses of Prefrontal
Repetitive Transcranial Magnetic
Stimulation: A Randomized
Sham-Control Study

Cheng-Ta Li1,2,3,4 , Chih-Ming Cheng1, Chi-Hung Juan4,
Yi-Chun Tsai4, Mu-Hong Chen1,2,3, Ya-Mei Bai1,2,3,
Shih-Jen Tsai1,2,3, and Tung-Ping Su1,2,3,5

Abstract

Background: Prolonged intermittent theta-burst stimulation (piTBS) and repetitive transcranial magnetic stimulation

(rTMS) are effective antidepressant interventions for major depressive disorder (MDD). Cognition-modulated frontal

theta (frontalh) activity had been identified to predict the antidepressant response to 10-Hz left prefrontal rTMS.

However, whether this marker also predicts that of piTBS needs further investigation.

Methods: The present double-blind randomized trial recruited 105 patients with MDD who showed no response to at least

one adequate antidepressant treatment in the current episode. The recruited patients were randomly assigned to one of

three groups: group A received piTBS monotherapy; group B received rTMS monotherapy; and group C received sham

stimulation. Before a 2-week acute treatment period, electroencephalopgraphy (EEG) and cognition-modulated frontal theta

changes (Dfrontalh) were measured. Depression scores were evaluated at baseline, 1week, and 2weeks after the initiation

of treatment.

Results: The Dfrontalh at baseline was significantly correlated with depression score changes at week 1 (r¼�0.383,

p¼ 0.025) and at week 2 for rTMS group (r¼�0.419, p¼ 0.014), but not for the piTBS and sham groups. The area

under the receiver operating characteristic curve for Dfrontalh was 0.800 for the rTMS group (p¼ 0.003) and was 0.549

for the piTBS group (p¼ 0.619).

Conclusion: The predictive value of higher baseline Dfrontalh for antidepressant efficacy for rTMS not only replicates

previous results but also implies that the antidepressant responses to rTMS could be predicted reliably at baseline and both

piTBS and rTMS could be effective through different neurobiological mechanisms.
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Background

High-frequency (e.g., 10-Hz) repetitive transcranial mag-

netic stimulation (rTMS) to the left dorsolateral prefron-

tal cortex (DLPFC) is an effective method for treating

medication-resistant depression.1–3 Studies also demon-

strated the efficacy of 10Hz left prefrontal rTMS

monotherapy in patients with depression.4 In addition,

theta-burst stimulation (TBS), as a new form of rTMS,

has more powerful and rapid effects on synaptic plastic-

ity than traditional rTMS protocols5 and has been
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demonstrated to be effective for treating depression. For
example, Berlim and colleagues revealed that active TBS
has significantly more antidepressant effects than sham
TBS. Subgroup analysis further identified that intermit-
tent TBS (iTBS), but not continuous TBS (cTBS), was
one of the most promising and effective protocols for
treating depression.6 Likewise, in one of our randomized
double-blind sham-controlled studies, we investigated
the antidepressant efficacy of 2-week add-on therapy
of prefrontal TBS for refractory depression and found
that paradigms involving prolonged iTBS (piTBS with
1800 pulses/session; 3 times longer than the standard
TBS protocol) were significantly more effective than
sham TBS.7 1800 pulses were used because the after-
effects of TBS critically depend on the total stimulation
pulses,5 and 1200 pulses of iTBS exhibited suboptimal
antidepressant efficacy.8 Furthermore, Blumberger et al.
conducted a large head-to-head comparison trial and
found that iTBS and 10-Hz rTMS for 4 to 6weeks had
similar antidepressant effects for treatment-resistant
depression.9 Recently, we further demonstrated in a
sham-controlled trial that in patients with medication-
resistant depression, piTBS monotherapy for two weeks
was more effective than sham treatment and had com-
parable antidepressant effects to 10-Hz left prefrontal
rTMS.10 The advantages of piTBS protocol include no
prominent side effects and a decrease of total treatment
sessions considerably.10

Determining how to accurately predict the response
to brain stimulation in treating refractory depression is
an important clinical lesson that may facilitate further
modification of treatment regimens. However, a dearth
of data exists on whether the neurobiological predictors
of response to prefrontal rTMS align with those of the
response to TBS intervention. In our previous study, we
used a rostral anterior cingulate cortex (rACC)-engaging
cognitive task (RECT) to engage task-related neurons
before 10-Hz left prefrontal rTMS,1,11 and found that
frontal theta differences (baseline vs. post-RECT) signif-
icantly differed between rTMS responders and non-res-
ponders.12 Likewise, Bailey et al. performed a working
memory (WM) task while electroencephalopgraphy
(EEG) was recorded, demonstrating that rTMS respond-
ers had higher levels of WM-related fronto-midline theta
power as compared to non-responders at baseline.13

Whether task-modulated frontal theta activity predicts
the antidepressant responses of iTBS needs further inves-
tigation. It may be possible since we previously found
that prefrontal TBS protocols primarily modulated
fronto-cingulate circuit of the depression-related net-
work11,14,15 and our RECT task was designed to
engage rostral ACC. The present randomized, double-
blind, sham-controlled study reported results of the
EEG part from our recently-published clinical trial.10

Measuring EEG signals from scalp electrodes, we

hypothesized that post-RECT changes in frontalh activ-
ity (frontalh differences between pre-RECT and post-
RECT, Dfrontalh) could predict the antidepressant
effects of rTMS and/or piTBS monotherapy.

Methods and Materials

Subjects

Eligible subjects were adult patients aged from 21 to
70 years and diagnosed with recurrent MDD on the
basis of Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) criteria. Patients
were qualified if they failed to respond to at least one
adequate antidepressant treatment in their current epi-
sode (for example, failed to achieve 50% improvement
of depression to an equivalent daily dose of 10 to 20mg
of escitalopram for at least 8weeks). The recruited
patients were required to be antidepressant-free for at
least 1week prior to this double-blind, sham-controlled
trial. All recruited participants had to have a Clinical
Global Impression – Severity score of at least 4 and a
total score of at least 18 on the Hamilton Depression
Rating Scale (HDRS-17).16

Patients were excluded if they had a lifetime psychi-
atric history of psychotic disorders, bipolar disorders,
and organic mental disorder. Finally, regarding to
potential safety issues during the monotherapy period
of brain stimulation, patients with a current strong sui-
cidal risk (i.e., a score of 4 on item 3 of the HDRS-17)
were excluded.

The study was performed in accordance with the
Declaration of Helsinki and was approved by the local
Ethics Review Committee. All participants had provided
written informed consent. The study was preregistered in
the University Hospital Medical Information Network
Clinical Trials Registry (Registration number:
UMIN000020892).

Study Overview and Efficacy Assessments

The study comprised three phases. First, patients under-
went a 1-week screening to ensure that they were medi-
cally stable and met recruitment criteria. Second,
patients were randomized 1:1:1 to each treatment
group (group A, piTBS; group B, 10-Hz rTMS; and
group C, sham). Covariate adaptive randomization
was used to make sure the ratio of sex and gender in
each group is balanced.17 There were totally 10 treat-
ment sessions over 2weeks (one session/day). During
the treatment phase, patients were required to be anti-
depressant free. Third, each patient visited again at the
12th week after the 2-week treatment (week 14). To
improve the blinding process, we used a sham coil
(MagstimVR Placebo Coil; Magstim Co., Ltd,
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Wales United Kingdom), which could mimic the audito-

ry and somatosensory effects of active magnetic stimu-
lation without actual stimulation of the brain. In

addition, half of the patients in the sham group received
the same iTBS parameter stimulation (sham-iTBS), and

the other half received the same rTMS parameter stim-
ulation using a sham coil (sham-rTMS). All efficacy out-

come measurements were assessed by blinded study
personnel (raters) who were not permitted access to the

treatment sessions. HDRS-17 was used to measure
depression severity and was administered at baseline

(W0, before brain stimulation), at the end of week 1
(W1) and week 2 (W2) brain stimulation treatments,

and at the 12-week follow-up after the treatment (week
14 [W14]). Response rate was defined as �50% reduction

compared with the baseline HDRS-17 score. The degree
of refractoriness was measured using the Maudsley

Staging Method (MSM).18 The aim of the present study
was to determine whether the post-RECT changes in

frontalh power (Dfrontalh) might predict the antidepres-
sant efficacy of TBS and/or rTMS monotherapy. Other

details of the methodology had been published.10

Brain Stimulation (TBS/TMS) Parameters and

Session Procedures

The piTBS and rTMS protocols were delivered using the
Magstim Rapid2 stimulator (Magstim Co., Ltd., Wales

United Kingdom). The piTBS parameters we adopted
also followed the standard iTBS protocol (tripulse 50-

Hz bursts administered every 200 milliseconds; 80%
active motor threshold (MT); a 2-second train of

bursts was repeated every 10 seconds),5 except for a
total of 570 seconds (1800 pulses). The rTMS parameters

exactly followed the protocol we published before and
was 10Hz at 100% resting MT.12 The left DLPFC was

the treatment location for all groups (5-cm estimation
method: MRI navigation method for targeting

DLPFC¼ 4: 3 in each group10) Both treatment and
sham coils were 70-mm figure-of-eight coils (MagstimVR

Double 70-mm Stimulating Coil 9925-00) with exactly
the same appearance to improve the blinding process.

The sham coil could mimic the auditory and somatosen-
sory effects of active coil stimulation without actual

stimulation of the brain.

Electroencephalography

Task-Modulated EEG. The present study utilized a comput-
erized rACC-engaging cognitive task (RECT) in combi-

nation with EEG to study potential biomarkers
predicting responses to brain stimulation treatment

and had been reported in details elsewhere.12 Resting-
state EEG datasets were acquired before and after per-

forming RECT (i.e. baseline RECT and post-RECT),

and then followed by the first session of brain stimula-
tion. The RECT program was primarily based on the
flexibility task of the Tests for Attentional
Performance19 and had been found to induce and mod-
ulate brain activities in the rACC.12 During the task,
competing stimuli (sharp and round forms) were pre-
sented simultaneously on the left and right side of the
computer screen, and the patients were asked to press a
response key indicating the correct side of the screen
containing the target stimuli with their index finger.
The shape task, instead of a color task, was used for
the target stimuli of the RECT program because the
former had found to be associated with more frontal
theta engagement than the latter.20 After the pre-test
trials, the patients performed 10-minutes of continuous
testing trials under the supervision of a trained research
assistant to maximize full engagement on the program.
Notably, prolonged flexibility program was easy but had
high demands on sustained attention and working
memory for alternating target stimuli (sharp vs.
round). The present study used the RECT program to
engage ACC neurons temporarily and to test post-
RECT frontal theta activity. We have found that the
10-minute RECT program alone have no lasting effects
on frontal theta and cognitive functions, even if it was
applied on a daily basis for 10 days.

EEG Data Acquisition and Analysis. We followed the same
procedures as described in our previous publication.12

To summarize here, EEG data were acquired in a dim,
electrically shielded quiet room, while patients were
seated in a comfortable arm-chair with eyes closed in a
maximally alert state. A standard 32-channel digital
EEG cap (Quik-Cap) with Ag/AgCl sintered electrodes
was placed according to the international 10/20 system,
and all scalp EEG electrode impedances were kept below
5kX. Neuroscan amplifiers (Nuamps) and Neuroscan
4.3 software were used for EEG recording. During
each 3-min EEG recording, the alertness was controlled.
If patterns of drowsiness appeared in the EEG, the sub-
jects were aroused by acoustic stimuli. The 32-channel
EEG electrodes were referenced to the linked mastoids.
An electrode was placed between FP1 and FP2 for
ground. The data sampling rate was 1000Hz and the
acquired signals were filtered with digital high-and
low-pass filtering at 0.15 and 50Hz, respectively.
Vertical and horizontal eye movements were recorded
by electrooculogram electrodes placed in the superior
and inferior orbit of the right eye and in the outer
canthi. After acquisition, epochs with movement, eye
blinks, decreases in alertness, and muscle artifacts were
removed by automatic artifact rejection for voltage
deflections greater than �75 lV, followed by visual
inspection by an EEG reviewer blind to the treatment.
For the remaining EEG artifacts, independent
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component analysis (ICA) was further applied

using EEGLAB running under MATLAB 7.1 (The

Mathworks Inc., Sherborn, MA, USA).
The off-line artifact-free epochs were obtained and

tapered with a Hanning window, and then submitted

to a power spectral analysis using Fast Fourier

Transform (FFT). FFT was used to calculate absolute

and relative power in each of five frequency bands:21

delta (0.5–4Hz), theta (4–8Hz), alpha (8–12Hz), beta

(12–35Hz), and gamma (35–50Hz). Relative power

was calculated as the amount of the absolute power in

one specific band divided by the sum of that in the five

frequency bands (i.e., relative theta power¼ (theta

power)/[(delta power)þ(theta power)þ(alpha power)þ
(beta power)þ(gamma power)]). For each separate

EEG record, relative theta power in the frontal region

(FP1, F7, F3, Fz, F4, F8, and FP2) was averaged and

used as our main variable of interest (i.e., frontalh). The
selected sensors in the frontal region should be able to

cover frontal midline theta and other sources of theta

activity from the frontal area.

Statistical Methods

One-way analysis of variance (ANOVA), Fisher’s exact

test, and/or Yates’s correction were used to compare the

continuous (e.g., age and MSM) and categorical varia-

bles (e.g., responders at W2) between brain stimulation

groups. Analysis of covariates (ANCOVA) was used to

compare % HDRS-17 changes over 2weeks among 3

groups, adjusting for baseline HDRS-17 scores and

MSM scores. Multivariate linear regressions were per-

formed with %HDRS-17 changes at W2 as the depen-

dent factors and brain stimulation groups as

independent factors after adjusting for age, sex, MSM

refractoriness scores, and Dfrontalh. The Bonferroni was
used for post-hoc analysis when the main effect on the

brain stimulation group was significant. Receiver oper-

ating characteristic (ROC) curves were plotted for

assessing the accuracy of predictions of antidepressant

responses at W2 by baseline frontalh. We set 1 as a

positive antidepressant response at W2 (i.e., �50%

reduction of the HDRS-17 score from baseline) as the

state variable. Area under the ROC curve (AUC) and the

optimal cutoff with maximum sum of sensitivity and spe-

cificity were calculated.22 To investigate relationships

between EEG variables and clinical symptomatic

improvement (i.e., %HDRS-17 changes), Pearson’s cor-

relation analysis was applied. All statistical analyses were

performed using SPSS 21.0 (IBM, Armonk, NY, USA).

Statistical significance was set at p< 0.05

(two-sided tests).

Results

One hundred and five patients in the iTBS (n¼ 35),

rTMS (n¼ 35) and sham (n¼ 35) groups completed the

entire study procedures. The demographic variables (i.e.,

age and gender), the refractoriness degree (i.e., MSM

score) and depression severity (i.e., HDRS-17 scores)

did not differ between the three groups at baseline

(Table 1). The HDRS-17 scores at baseline were 22.5

(3.5), 22.9 (3.8), and 23.1 (3.5) in the piTBS, rTMS,

and sham groups, respectively.
The HDRS-17 scores after treatment were significant-

ly different among three groups at W1, W2, and W14

(Table 1). The %HDRS-17 changes from baseline

decreased significantly more in the piTBS and rTMS

groups than in the sham group at W1 (p¼ 0.049; post-

hoc: piTBS¼ rTMS> sham) and W2 (p< 0.001;

piTBS¼ rTMS> sham). After the 2-week acute treat-

ment phase, there were 31 responders in total at W2

(16 in the piTBS group and 14 in the rTMS group),

and most of them (75% of piTBS responders and 50%

of rTMS responders) remained responders 3months

after the treatment (W14) (Other clinical details please

refer to our previous publication10).

Brain-Stimulation Responses and Frontal Theta Activity

Calculating the mean of the RECT-modulated frontalh
resulted in a characteristic amplification of the activity

Table 1. Antidepressant outcomes in response to brain stimulation treatment.

A. piTBS B. rTMS C. sham F-value p-value Post-hoc (Bonferroni)

Age in years 47.1 (14.2) 47.1 (13.8) 47.1 (12.4) 0.00047 1.000 –

Female, N 23 24 24 0.087 0.957 –

MSM Refractoriness score 8.7 (2.0) 8.9 (2.6) 8.4 (2.3) 0.389 0.678 –

HDRS-17 (BL) 22.5 (3.5) 22.9 (3.8) 23.1 (3.5) 0.185 0.831 –

HDRS-17 (W1) 17.6 (5.9) 17.7 (5.8) 20.3 (5.3) 2.620 0.078 A<C*

HDRS-17 (W2) 13.7 (7.1) 15.2 (7.0) 20.0 (5.8) 8.658 0.00034** A<C** B<C**

HDRS-17 (W14) 13.5 (6.6) 15.6 (7.2) 20.1 (5.8) 9.207 0.00021** A<C** B<C*

Note. Values are mean (SD), if not otherwise specified. MSM, Maudsley Staging Method; BL, baseline; HDRS-17, 17-item Hamilton Depression Rating Scale;

W1, week 1; W2, week 2; W14, week 14.

*p< 0.05 **p< 0.005.
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of rACC,12 with the RECT-modulated results at
expected levels (post-RECT frontalh, min¼ 0.07,
max¼ 0.42; after-versus-before frontalh difference, as
the Dfrontalh, min¼�0.15, max¼ 0.16). The AUC for
pre-RECT frontalh was 0.497; for post-RECT frontalh,
it was 0.578; and for after versus before, it was 0.614
(Figure S1). When frontalh was analyzed separately in
the piTBS and rTMS groups, the RECT-modulated
frontalh differences had good predictive values for the
rTMS group (AUC¼ 0.800, p¼ 0.003), but not for the
iTBS group (AUC¼ 0.549, p¼ 0.619) (Figure 1). In
addition, we calculated Brier scores23 for Dfrontalh in
the prediction of treatment responses at W2. The result
for rTMS responses (0.160) was better than that for
iTBS responses (0.255). Furthermore, the post-RECT
frontalh (AUC¼ 0.768, p¼ 0.044) and RECT-
modulated frontalh differences (AUC¼ 0.869,
p¼ 0.006) still had good predictive values for the
rTMS group using 5-cm targeting method. The lack of
significance for those using MRI-navigation method
could be attributed to the small sample size in the
rTMS group (n¼ 14); therefore, future studies with
larger sample sizes are still warranted.

However, the multivariate regression model showed
the strongest predictive variable for %HDRS-17
changes in response to the 2-week brain stimulation
treatment was the brain-stimulation group (b¼ 0.406,
t¼ 4.500, p< 0.001), but not the Dfrontalh (b¼�0.075,
t¼�0.816, p¼ 0.417), the MSM score (b¼ 0.135, t¼
1.490, p¼ 0.139), age (b¼ 0.104, t¼ 1.152, p¼ 0.252),
or sex (b¼ 0.075, t¼ 0.810, p¼ 0.420). If the targeting
method was entered into the regression model as an
independent factor, the main result did not change and

the strongest predictive variable for depression improve-

ment was still the brain-stimulation group (b¼ 0.407,

t¼ 4.500, p< 0.001), but not the targeting method

(b¼ 0.073, t¼ 0.794, p¼ 0.429) and the other factors.
As for the rTMS group, the AUC for pre-RECT

frontalh was 0.393 (p¼ 0.294); for post-RECT frontalh,
it was 0.612 (p¼ 0.234); and for Dfrontalh, it was 0.800
(p¼ 0.003). The results indicated that Dfrontalh was

highly predictive of rTMS responses at W2. (When we

arbitrarily thresholded at 0.0039 for the before-versus-

after frontalh differences, sensitivity and specificity for

accurately predicting antidepressant responses were

71.5% and 85.0%, respectively.) Furthermore, all of

the frontalh values failed to predict treatment responses

at W14.

Correlations Between Depression Changes and

Baseline Dfrontalh

The results of the correlation analysis were in line with

the ROC findings. We found that %HDRS-17 changes

at W2 were significantly correlated with Dfrontalh for

rTMS group (r¼�0.419, p¼ 0.014) (Figure 2(a)), but

not for the iTBS (r¼�0.086, p¼ 0.625) and sham

groups (r¼ 0.212, p¼ 0.221). In addition, %HDRS-17

changes at W1 were significantly correlated with

Dfrontalh for rTMS group (r¼�0.383, p¼ 0.025)

(Figure 2(b)), but not for the iTBS (r¼�0.018,

p¼ 0.919) and sham groups (r¼ 0.258, p¼ 0.134)

(Table 2).

Figure 1. Receiver operating characteristic curves. (a) None of the baseline non-modulated frontal theta activity (thin solid line), RECT-
modulated frontal theta differences (thick solid line), or post-RECT-modulated frontal theta activity (dashed line) predicted antidepressant
response to 2-week piTBS treatment. (b) The RECT-modulated frontal theta differences at baseline (thick solid line), but not non-
modulated frontal theta activity (thin solid line) or post-RECT-modulated frontal theta activity (dashed line), predicted antidepressant
responses to 2-week rTMS treatment.
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Discussion

The present randomized, double-blind, sham-controlled
study used a large sample size and confirmed that the
task (i.e., RECT) modulated frontal theta activity can
have a predictive value for 10-Hz rTMS antidepressant
efficacy. The result of the present study composed of a
separate cohort of patients with MDD is consistent with
our previous findings.12 Furthermore, the additional
finding of no predictive value of frontal theta activity
for the antidepressant efficacy of iTBS implies that the
antidepressant mechanism of iTBS could be different
from that of rTMS. That is, the antidepressant mecha-
nism of iTBS could be less dependent on the pretreat-
ment activity of rACC, which had been demonstrated to
be correlated with the antidepressant effects of
rTMS.1,24,25

Higher glucose uptake or neuronal activity in the ros-
tral anterior cingulate cortex (rACC) and the prefrontal
cortex (PFC) have been revealed to be reliable bio-
markers that could predict antidepressant responses in
MDD across several treatment types (e.g., antidepres-
sants, sleep deprivation, and neurostimulation).11

Frontal EEG theta activity during consecutive mental
tasks has been shown to be generated by activity of the
PFC and ACC.26 In our previous study, we found that
task-modulated frontal theta had a stronger correlation
with baseline rACC activity and antidepressant efficacy
following rTMS than non-modulated frontal theta.12

Using the same task-modulated method in the present
study, we further demonstrated that the predictive value
of RECT-modulated frontal theta for antidepressant
efficacy was found only for rTMS, not for piTBS. Our
findings supported that rACC activity is involved in the
antidepressant response of rTMS treatment. However,
rACC activity is also associated with antidepressant
responses to various kinds of pharmacological, non-
pharmacological,11 and even placebo interventions.27

Future studies should investigate EEG predictors spe-
cific to each kind of antidepressant interventions using
sophisticated computational analytical methods. In con-
trast, Arns et al. found that increased fronto-central
theta power was linked to non-response to left or right
prefrontal rTMS treatment,28 whereas Bailey et al.
reported no difference of frontal theta between rTMS
responders and non-responders in a trial with a limited
number of responders (N¼ 12).29 Fronto-central theta
at rest does not reflect the activity of rACC and
increased fronto-central theta has been found to be asso-
ciated with sleepiness.30

A putative similar pattern of underlying mechanisms
of rTMS and iTBS has been established in both animal
and human models, such as direct and indirect neuro-
chemical effects of c-aminobutyric acid and/or gluta-
mate concentrations, modulation of local/broader
functional neural networks, modulation through long-
term potentiation, and long-term depression-like

Figure 2. Correlations between depression changes and baseline
Dfrontalh. (a) The %HDRS-17 changes at W2 were significantly
correlated with Dfrontalh for rTMS group (r¼�0.419, p¼ 0.014).
(b) The %HDRS-17 changes at W1 were significantly correlated
with Dfrontalh for rTMS group (r¼�0.383, p¼ 0.025).

Table 2. Correlation between baseline Dfrontalh and depression
changes in response to brain stimulation.

Correlation to

Dfrontalh
D HDRS-17%

after 1 week

D HDRS-17%

after 2 weeks

piTBS (group-A) �0.018 (0.919) �0.086 (0.625)

rTMS (group-B) �0.383* (0.025) �0.419* (0.014)

sham (group-C) 0.258 (0.134) 0.212 (0.221)

Note. Values are r (p-value).

HDRS-17, 17-item Hamilton Depression Rating Scale; piTBS, prolonged

intermittent theta burst stimulation; rTMS, repetitive transcranial magnetic

stimulation.

* p< 0.05; Values in bold represent statistical significance after correcting

for multiple comparisons.
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effects.6,31–34 Although the exact mechanisms of prefron-
tal TBS for depression remain elusive and require further
investigation, selectively targeting brain neurons/circuits
with specific oscillatory frequencies (i.e., theta-wave in
the case of TBS) might play a unique role in the brain
regions where strong theta signals could be detected at
rest (i.e., ACC and medical PFC).34–38

In addition, higher rACC theta activity before treat-
ment in patients with MDD has been found to reliably
predict antidepressant responses to antidepressant
drugs.39–41 A coupling between theta electrical activity
(by EEG) and ACC metabolic activity (by positron-
emission-tomography, PET) has been confirmed in
research simultaneously using EEG and PET record-
ings.42 Mayberg et al. first pointed out the association
between pretreatment glucose metabolism of the rACC
at baseline and subsequent antidepressant responses.43

Afterwards, pretreatment activity in the rACC was
repeatedly reported to be correlated with antidepressant
responses to various medications11 and the rTMS’s anti-
depressant effects.1,24,25 All these support that fronto-
cingulate dysfunction plays an important role in the
treatment response in depression.11 Taken together,
based on the findings of the present study, a predictive
value of pretreatment frontal theta activity only for
rTMS not only indicates that better baseline function
in the fronto-cingulate circuit could be essential for
rTMS to be effective, but also suggests that iTBS
might be a better choice than rTMS for patients with
more impaired fronto-cingulate dysfunction. However,
this is speculative and further investigation in patients
with depression is required to confirm this hypothesis.
Our regression result showed that stimulation group, but
not Dfrontalh, predicted the antidepressant responses.
Our finding indicated that rTMS and piTBS have
better antidepressant efficacy than sham treatment, inde-
pendent of the frontal theta changes. However, we fur-
ther did a regression analysis within the active groups,
finding that only the Dfrontalh (b¼�0.243, t¼�1.826,
p¼ 0.073), but not the stimulation group (p¼ 0.587),
had a trend significance predicting antidepressant
responses at W2. Taken together, the results from the
present study supported that task-modulated frontal
theta plays an important role in the antidepressant
response of brain stimulation.

This study had a few limitations. First, we did not
apply other neuroimaging tools in combination with
electroencephalography; however, we had investigated
the correlation of frontal theta and brain activities in
our previous research,12 and the present study was an
extension trial using the same EEG design. Second, we
used a 100%MT (motor threshold) for rTMS treatment,
which was determined based on our previous studies that
demonstrated the antidepressant efficacy of 10-Hz rTMS
in comparison with sham treatment.1,12 Although it

seems suboptimal, meta-analytical evidence has indicat-

ed that antidepressant effects between studies using

intensities <100% MT and 100–120% MT were not sig-

nificantly different.44 Third, the present study investigat-

ed frontalh from scalp electrodes, but did not directly

measure rACC activity. However, our previous study

combing EEG and PET had shown that the RECT-

modulated increases in frontalh correlated with rACC

glucose uptakes.12 Finally, treatment duration for

2weeks could be too short. The standard duration of

rTMS treatment is 4 to 6weeks and meta-analytic evi-

dence suggests that rTMS treatment over longer periods

of stimulation (e.g., more than two weeks) may have

better antidepressant effects,45 we are conducting anoth-

er piTBS study with a longer treatment period for fur-

ther comparison.

Conclusion

This first large randomized, sham-controlled trial con-

firmed that the task-modulated frontal theta activity

could predict the treatment efficacy of rTMS but not

piTBS, suggesting that antidepressant mechanisms of

TBS might differ from those of rTMS.
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