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Frontoparietal paired associative stimulation versus
single-site stimulation for generalized anxiety
disorder: a pilot rTMS study
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Shi-Min Hu, PhD; Ying-Xue Yang, PhD; Yi-Cong Lin, PhD; Yu-Ping Wang, PhD

Background: At present, the use of repetitive transcranial magnetic stimulation (rTMS) for generalized anxiety disorder (GAD) is limited
to single-site interventions. We investigated whether dual-site frontoparietal stimulation delivered using cortical—cortical paired associa-
tive stimulation (ccPAS) had stronger clinical efficacy than single-site stimulation in patients with GAD. Methods: We randomized 50 pa-
tients with GAD to 1 Hz rTMS (10 sessions) using 1 of the following protocols: single-site stimulation over the right dorsolateral prefrontal
cortex (dIPFC; 1500 pulses per session); single-site stimulation over the right posterior parietal cortex (PPC; 1500 pulses per session);
repetitive dual-site ccPAS (rds-ccPAS) over the right dIPFC and right PPC with 1500 pulses per session (rd-ccPAS-1500); or rds-ccPAS
over the right dIPFC and right PPC with 750 pulses per session (rd-ccPAS-750). Both rds-ccPAS treatments used a between-site interval
of 100 ms. Results: Clinical scores for anxiety, depression and insomnia were reduced in all 4 groups after treatment. We found greater
improvements in anxiety symptoms in the rds-ccPAS-1500 group compared to the rds-ccPAS-750 and single-site groups. We found
greater improvements in depression symptoms and insomnia in the rds-PAS-1500 group compared to the single-site groups. The rds-
ccPAS-1500 group also showed significant or trend-level improvements in anxiety symptoms and insomnia at 10-day and 1-month follow-
up. More patients responded to treatment with rds-ccPAS-1500 than with single-site stimulation. The between-group differences in
response rates persisted to the 3-month follow-up. Treatment using rds-ccPAS with a between-site interval of 100 ms induced a more
significant improvement than the between-site interval of 50 ms we evaluated in a previous study. Limitations: These results need to be
replicated in a larger sample using sham control and equal-pulse single-site stimulation. Conclusion: Frontoparietal rds-ccPAS may be

a better treatment option for GAD.

Introduction

Generalized anxiety disorder (GAD) is characterized by ex-
cessive worry about everyday life matters.! Although various
treatments are available for GAD, a considerable proportion
of patients cannot obtain relief.? Among those who achieve
remission, many experience adverse effects and addiction as
a result of long-term medication use.'?

Several studies have suggested that noninvasive repetitive
transcranial magnetic stimulation (rTMS) may be beneficial
for the treatment of anxiety disorders.>® Studies of the neural
circuits of negative emotion and anxiety disorders provide a
basis for us to choose stimulation sites for rTMS.”! It has
been proposed that when someone receives negative stimuli,
the limbic regions (such as the amygdala) are activated to
perceive negative emotion. At the same time, the prefrontal

cortex — especially the dorsolateral prefrontal cortex (dIPFC)
— is activated; it transmits cognitive signals through the
cortical-subcortical circuits to inhibit excessive response in
the limbic system and ensure an appropriate emotional re-
sponse.”!® The classical neural hypothesis considers GAD to
be an emotional dysregulation disorder associated with dis-
turbance in the frontolimbic circuit, characterized by in-
creased limbic activation to negative stimuli and dysregula-
tion of the dIPFC with negative emotion."** Both cortical and
limbic abnormalities result in emotional and cognitive symp-
toms in patients with GAD.

Based on the core role of the dIPFC in emotion regulation
and in the pathological mechanisms of anxiety disorders,
studies of GAD have used the dIPFC as a stimulation site for
rTMS.™* An open-label study® applied 6 sessions of 1 Hz rTMS
over the right prefrontal cortex (PFC) with a stimulating
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intensity of 90% of the resting motor threshold (RMT) and
found that 6 of the 10 participants responded to treatment.
Another open-label study® applied 24 to 36 sessions of rTMS
over the bilateral dIPFC in 13 patients with comorbid major
depressive disorder and GAD. At the end of treatment,
11 patients (84.6%) showed remission. A randomized,
sham-controlled pilot study* of rTMS targeting the right
dIPFC reported a higher response rate in the active (n = 13)
versus sham (1 = 12) conditions in participants with GAD.

Growing amounts of imaging evidence have allowed us to
understand brain functional mechanisms from the perspec-
tive of large-scale neural networks.”® For complex brain func-
tions, it is increasingly being recognized that multiple net-
works are involved and that several “hub” nodes exist in
each functional network. Emotion regulation has been related
to other cortical areas outside the PFC, such as the parietal
lobe.'® The frontoparietal network is considered to be a “hub”
network in the cortical cognitive system.!”’® The prefrontal
and parietal lobes jointly regulate and control the limbic and
sensorimotor systems.”!® The posterior parietal cortex (PPC)
disengages attention from emotional interference to reorient
to task-relevant stimuli.'”® Reducing the excitability of the
intraparietal sulcus during shock threat could alleviate the
physiologic arousal related to both fear and anxiety."

In 36 patients with comorbid GAD and insomnia, a ran-
domized, sham-controlled trial®® conducted by our group
showed that 10 sessions of 1 Hz rTMS administered over the
right PPC with an intensity of 90% RMT improved anxiety
and insomnia symptoms in the active condition versus the
sham condition. Although rTMS benefits a proportion of pa-
tients, its clinical efficacy has been inconsistent across studies
and needs to be improved. Differences in stimulation sites,
number of stimulating pulses, sample characteristics and
more may explain such inconsistencies. For instance, the
study® that showed remission in most cases applied 24 to
36 sessions of rTMS — more than used in other studies. Our
study described above® applied only 10 sessions of rTMS. In
addition to such inconsistencies in research methods, single-
site stimulation is a critical technical issue that restricts the
treatment efficacy and efficiency of rTMS.

It is increasingly being recognized that mental illnesses
such as anxiety disorder are a product of dysfunction be-
tween interconnected networks.?! Based on this understand-
ing, neuromodulation has been evolving from a single-site
technique to a multisite stimulation technique.”? Double or
multisite stimulation based on brain network characteristics
is considered a promising pathway for optimizing the treat-
ment of mental illness.”? Given that stimulating both the
dIPFC and PPC is effective for patients with GAD,*** we
speculated that associative stimulation of these 2 hubs would
be more effective than single-site stimulation. The advan-
tages of multisite over single-site rTMS has been confirmed
in Parkinson disease and tinnitus.?*** However, these studies
stimulated a second brain site after sessions on the first site
had been completed, making it twice as time-consuming as
single-site stimulation.

Cortical—cortical paired associative stimulation (ccPAS),
which delivers paired transcranial magnetic stimulation

(TMS) pulses at predefined intervals over 2 brain sites, has
been shown to modulate neural effects between the stimulat-
ing sites, purportedly via a mechanism similar to spike timing—
dependent plasticity (STDP).* According to the learning rule
proposed by Hebbian in 1943, the synaptic efficacy of a syn-
apse will increase if it can continuously elicit action potentials
from the postsynaptic target neurons.?® Based on this rule,
Henry Markram proposed the STDP learning principle,
which says that the strength of connections between neurons
is modulated according to the order of neuronal learning. If
information from another neuron is generated before the
activity of the neuron itself, the activity between the 2 neur-
ons increases and causes long-term potentiation of the syn-
apse. In contrast, if the neuron itself generates activity before
receiving information from another neuron, the connection
between the 2 neurons will be weakened and induce long-
term depression.” Based on the STDP principle, ccPAS deliv-
ered to 2 cortical areas at different time intervals may induce
STDP-like inhibition or enhancement between the stimulat-
ing sites according to the dynamics of their activity.»*

Therefore, ccPAS is considered to be a promising tool for
modulating brain function, and translation to clinical applica-
tions has been encouraged. It has been reported that ccPAS
over the PFC and PPC induces STDP-like changes in the PFC,
based on the order of pulses.” ccPAS over the supplementary
motor area and inferior frontal gyrus affected inhibitory
behaviours,?® and ccPAS that potentiated parietal-to-PFC
activity (but not the reverse direction) increased goal-directed
control.”

Our group investigated the effect of ccPAS with different
stimulation intervals (i.e., 10, 20 and 50 ms) between 2 sites in
29 patients with GAD (no sham controls).”® We delivered
10 sessions of 1 Hz rds-ccPAS from the right dIPFC to the
PPC at 1500 ccPAS pulses per session (a total of 3000 pulses).
Although we used twice the number of single-site parietal
stimulations used in another study,” rds-ccPAS at stimulat-
ing intervals of 10 and 20 ms induced a reduction in Hamil-
ton Rating Scale for Anxiety (HAM-A) scores of only 22%
and 32%, substantially less than that of single-site stimula-
tion.® However, at an interval of 50 ms, the reduction in
HAM-A scores reached 38%, second only to a reduction of
44% reported for single-site parietal stimulation.”” Combining
these findings with the STDP principle, we speculate that at
very short intervals, stimulating the right dIPFC may exert an
STDP-like modulation in the PPC, which may antagonize the
original TMS effect in the PPC. Such an antagonistic effect
may be reduced when the stimulating interval is longer,
resulting in an increase in treatment efficacy.

In the present study, we increased the stimulating interval
to 100 ms, with the aim of improving the clinical efficacy of
ccPAS even further. We performed a randomized, double-
blind clinical trial and recruited 4 groups of patients with
GAD to compare rds-ccPAS and single-site stimulation: rds-
ccPAS over the right dIPFC and right PPC at 1500 ccPAS
pulses per session; rds-ccPAS over the right dIPFC and right
PPC at 750 ccPAS pulses per session; single-site stimulation
over the right dIPFC at 1500 pulses per session; and single-site
stimulation over that right PPC at 1500 pulses per session.
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Based on findings that the clinical efficacy of rds-ccPAS
with a 50 ms between-site interval and 1500 pulses per ses-
sion was similar to that of single-site stimulation at 1500
pulses per session, and that clinical efficacy increased with
stimulation interval,* we predicted that prolonging the inter-
val to 100 ms would produce stronger clinical efficacy than
single-site stimulation.!”82

We included a group with 750 rds-ccPAS pulses per ses-
sion to clarify whether rds-ccPAS with a pulse number the
same as single-site stimulation would have more clinical effi-
cacy than single-site stimulation and explore whether frontal
stimulation modulated the stimulatory effect in the parietal
lobe. It was difficult to make exact assumptions about the
clinical efficacy of rds-ccPAS with 750 pulses, given that large
explanatory gaps still exist related to STDP in the context of
neural networks instead of neurons.

Methods
Participants

Participants were patients with GAD aged 18 to 60 years, re-
cruited from the psychosomatic disease clinic of the Neurol-
ogy Department, Xuanwu Hospital, between September 2019
and February 2020. Patients were screened by a qualified
psychiatrist for the following criteria: diagnosis of GAD ac-
cording to the Diagnostic and Statistical Manual of Mental Dis-
orders, fifth edition; Clinical Global Impression-Severity score
of 4 or greater; a HAM-A score greater than 14; and a 17-item
Hamilton Rating Scale for Depression (HAM-D) score of 22
or less. Participants who were taking medications had to
have been stabilized for at least 4 weeks before study entry,
but still have evident symptoms. Medications were main-
tained with the dose unchanged throughout the study.

Exclusion criteria included the presence of neurologic dis-
orders, unstable medical conditions, other psychiatric dis-
eases or substance use disorders within the last 6 months;
pregnancy or breastfeeding; or contraindications for rTMS
(e.g., metal implants in the body). All participants underwent
resting-state electroencephalogram (EEG) recordings. Those
who had epileptiform discharges, as determined by a quali-
fied neurologist (Y.L.), were also excluded.

All procedures complied with the ethical standards of rele-
vant national and institutional committees on human experi-
mentation and with the Helsinki Declaration of 1975 (revised
2008). All procedures were approved by the ethics committee
of Xuanwu Hospital, and written informed consent was ob-
tained for each participant.

rTMS protocol

This trial adopted a randomized, double-blind design involv-
ing 10 sessions of rTMS plus clinical visits at 10 days, 1 month
and 3 months (clinicaltrials.gov: ChiCTR1900028256). We
performed treatment using a Magele-10 TMS stimulator
(Tianjin Tams Medical Technology Co., Ltd.) and 2 figure-8
coils (width 191 mm, length 306 mm, thickness 19 mm). This
size ensured that 2 coils could be placed on the head at the

same time. One coil targeted the right dIPFC with the handle
pointing backward and laterally, and oriented 45° from the
sagittal plane. The other coil targeted the right PPC with the
handle pointing backward and medially, and oriented
approximately 45° from the sagittal plane. See Appendix 1,
Figure S1 (available at www .jpn.ca/lookup/doi/10.1503/
jpn.210201/tab-related-content), for the physical appearance
of the coils and Figure S2 for their placement on the head.

Participants were randomized equally into groups for 1 of
the 4 intervention types: single-site stimulation over the right
dIPFC at 1500 pulses per session (ss-PFC); single-site stimula-
tion over the right PPC at 1500 pulses per session (ss-PPC);
rds-ccPAS over the right dIPFC and right PPC at 1500 pulses
per session per site (rds-ccPAS-1500); or rds-ccPAS over the
right dIPFC and right PPC at 750 pulses per session per site
(rds-ccPAS-750). Because the goal of this study was to con-
firm the superiority of frontoparietal ccPAS to single-site
stimulation, we chose single-site protocols as controls rather
than sham stimulation.

All 4 intervention types used a low stimulation frequency
of 1 Hz. In the rds-ccPAS groups, participants received
stimulation first to the frontal lobe and then to the parietal
lobe, with a between-site interval of 100 ms (Figure 1). The
single-site protocol for each session consisted of 15 trains of
100 pulses, with inter-train intervals of 30 s. The rds-
ccPAS-1500 protocol for each session consisted of 15 trains of
100 ccPAS pulses, with inter-train intervals of 30 s. The rds-
ccPAS-750 protocol for each session consisted of 7 trains of
100 ccPAS pulses, with inter-train intervals of 30 s, plus 50
additional ccPAS pulses. The right dIPFC and right PPC sites
corresponded to the F4 and P4 electrodes from the interna-
tional 1020 EEG system.*> We performed a total of 10 ses-
sions of rTMS: 1 session per day within 14 days.

Stimulation intensity was 90% of the RMT. We stimulated
the right cerebral hemisphere and recorded motor evoked
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Fig. 1: Frontoparietal paired associative stimulation. Coil A targeted
the right dorsolateral prefrontal cortex (dIPFC), with the handle point-
ing backward and laterally, and oriented approximately 45° from the
sagittal plane. Coil B targeted the right posterior parietal cortex (PPC),
with the handle pointing backward and medially, and oriented approxi-
mately 45° from the sagittal plane.
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potentials on the left abductor pollicis brevis. We recorded
the surface electromyogram using disc-shaped Ag-AgCl elec-
trodes. The optimal stimulation site for the abductor pollicis
brevis was usually 2 cm anterior and 2 cm lateral to the Cz
(based on the international EEG 10-20 system). We defined
RMT as the minimal magnetic stimulus intensity that could
produce a TMS motor evoked potential in the relaxed abduc-
tor pollicis brevis with a peak-to-peak amplitude of greater
than 50 uV in 5 of 10 trials.

An independent clinician (K.W.) developed the random-
ization schedule using a computerized random number
generator. The double-blind design was mainly for clinical
evaluators and participants; that is, the evaluators did not
know which type of stimulation each participant received,
and the participants did not know the pros and cons of the
4 stimulation protocols. We did not give participants any
hints as to which paradigm might be better. We also asked
participants not to discuss their feelings about treatments
with each other.

Reasons for terminating the study included severe adverse
events, missing 2 or more consecutive rTMS sessions, inabil-
ity to attend a clinical evaluation and withdrawing consent.

Measures

We used the Clinical Global Impression—Severity scale to as-
sess the global severity of the participant’s illness. Primary
outcome measures were as follows: change in HAM-A score,
number of treatment responders (defined as reduction of 50%
or more on HAM-A) and number of patients who achieved
remission (defined as HAM-A score less than 7). Secondary
outcome measures were changes in the severity of depres-
sion symptoms (HAM-D) and insomnia symptoms (Pitts-
burgh Sleep Quality Index; PSQI). Clinical assessments were
completed by the researchers (Q.Z., HW., Y.L.), who were
blinded to participants” treatment conditions.

All participants were assessed at 4 time points: baseline,
post-treatment, and 10 days and 1 month after the final treat-
ment. Because patients who had not responded to rTMS
treatment might have difficulty tolerating a long follow-up
period, we performed 3-month follow-up visits only for
those who were treatment responders at the 1-month visit. A
longer follow-up time is clinically meaningful, but it is diffi-
cult to complete, and loss to follow-up would have been very
common. As well, with a prolonged follow-up, patients
would be more likely to seek and receive other treatments.

Statistical analysis

A professional statistician (S.H.) who was blinded to treat-
ment conditions analyzed the data using SPSS version 22.0
(SPSS Inc.). For demographic and clinical data, we planned to
use 1-way analysis of variance for normally distributed con-
tinuous variables (i.e., age, HAM-A, HAM-D, PSQI), the
Kruskal-Wallis test for non-normally distributed continuous
variables (i.e., education years, Clinical Global Impression—
Severity) and the y?* test for categorical variables (i.e., sex).
However, we performed a normal distribution test and

found that the data did not conform to normal distribution,
so we could not use analysis of variance.

The generalized estimating equation (GEE),*® proposed by
Liang and Zeger in 1986, is suitable for statistical models of
data with different distributions, such as normal, binomial
and Poisson. We had used the GEE model in a previous
study to estimate the effect of transcranial direct current
stimulation on epilepsy.* Therefore, we used the GEE model
for analysis of repeated measures based on Poisson log-linear
distribution to compare clinical scores between the 4 time
points and estimate group effects for each time period.

The GEE model included intercept, group effects, time and
group x time interaction. If we found a significant group x
time interaction, we used least significant difference to esti-
mate the independent effects of group and time. To clarify
the influence of individualized factors such as sex and age,
we estimated the GEE model without covariates, and using
sex or both sex and age as covariates. We used the Corrected
Quasi Likelihood under Independence Model Criterion to
evaluate goodness of fit (the smaller the value, the better the
model).

We used the y? test to compare the number of responders
and remitters between groups. We reported trend-level sig-
nificance (p < 0.10) for hypothesis generation. We also per-
formed a comparative analysis for reductions in HAM-A
scores in the rds-ccPAS-1500 group using between-site inter-
vals of 100 ms and 50 ms (results reported in our previous
study®) to determine whether clinical efficacy was enhanced
by prolonging the stimulation interval.

Results
Participants

As shown in Figure 2, of the 71 patients we initially recruited,
8 passed the screening for enrolment criteria and signed an in-
formed consent form but were excluded before they were as-
signed to treatment. During rTMS treatment, 1 patient in each
of the ss-PFC and ss-PPC groups, 2 patients in the rds-
ccPAS-1500 group and 4 patients in the rds-ccPAS-750 group
discontinued the study because of time restrictions, medical
problems or loss of interest. One patient in each of the 4 groups
was lost to follow-up at the 10-day clinical visit. One patient in
the rds-ccPAS-750 group was lost to follow-up at the 1-month
visit. Retention rates were 83.3% (55/63) at post-treatment and
79.4% (50/63) at 1-month follow-up. We analyzed the data for
the 50 patients who completed the treatment protocol and the
1-month follow-up. All patients who responded to rTMS treat-
ment (including 9 in the rds-ccPAS-1500 group, 6 in the rds-
ccPAS-750 group, 8 in the ss-PFC group and 6 in the ss-PPC
group) completed the 3-month visit.

Participant demographics (i.e., age, sex, education and em-
ployment status), clinical variables (i.e., medication status
and scores on the Clinical Global Impression—Severity, HAM-
A, HAM-D and PSQI scales) and RMT values at baseline did
not differ between groups (Table 1). Group-level RMT values
are shown in Table 1; participant-level RMT values can be
found in Appendix 1, Table S1.
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Fig. 2: Trial profile. rds-ccPAS-750 = repetitive dual-site cortical—cortical paired associative stimulation, 750 pulses per session; rds-
ccPAS-1500 = repetitive dual-site cortical—cortical paired associative stimulation, 1500 pulses per session; ss-PFC = single-site stimulation
over the dorsolateral prefrontal cortex; ss-PPC = single-site stimulation over the right posterior parietal cortex.

Table 1: Participant demographic and clinical characteristics

rds-ccPAS-1500 rds-ccPAS-750 ss-PFC ss-PPC
Characteristic (n=13) (n=29) (n=14) (n=14) Fory? p value
Age, yr, mean + SD 40.15+13.23 40.56 + 9.30 40.71 £ 9.67 42.14 +6.98 0.129 0.94
Male, n (%) 3(23.1) 5 (55.6) 6 (42.9) 5(35.7) 2.577 0.46
Education, yr, median (IQR) 13.00 (11.00-13.00) 13.00 (13.00-15.00) 13.00 (10.25-15.00) 15.00 (13.00—-15.00) 4.563 0.21
Employed, n (%) 12 (92.3) 9 (100) 14 (100) 13 (92.9) 1.780 0.62
Taking medication, n (%) 3(23.1) 1(11.1) 7 (50.0) 2(14.3) 6.284 0.01
CGI-S, median (IQR) 5.00 (4.00-6.00) 5.00 (4.50-5.50) 5.00 (4.00-6.00) 5.00 (4.00-5.00) 1.164 0.76
HAM-A score, mean + SD 232+54 232+ 39 221+4.8 21.9+49 0.272 0.85
HAM-D score, mean + SD 151 £4.1 151 +3.8 142 £3.2 14.6 £ 4.6 0.145 0.93
PSQI score, mean + SD 12.0£3.9 12.0+3.7 125+3.3 11.9+3.8 0.70 0.98
RMT, mean + SD 415+5.5 414 +6.6 454 +5.7 424 +4.8 1.52 0.22

CGI-S = Clinical Global Impression—Severity; HAM-A = Hamilton Anxiety Rating Scale; HAM-D = Hamilton Depression Rating Scale; IQR = interquartile range; PSQI = Pittsburgh Sleep
Quality Index; rds-ccPAS-750 = repetitive dual-site cortical-cortical paired associative stimulation, 750 pulses per session; rds-ccPAS-1500 = repetitive dual-site cortical-cortical paired
associative stimulation, 1500 pulses per session; RMT = resting motor threshold; SD = standard deviation; ss-PFC = single-site stimulation over the dorsolateral prefrontal cortex;
ss-PPC = single-site stimulation over the right posterior parietal cortex.
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Treatment efficacy

As shown in Table 2, the GEE models without covariates and
with only sex as a covariate showed the best goodness of fit.
Considering that the sex distribution between groups did not
differ, we have presented the results of the GEE models without
covariates here, and the other findings in Appendix 1, Table S2.

The GEE model without covariates showed significant
group x time interactions for HAM-A score (x> = 26.367, p =
0.002), HAM-D score (y* = 18.445, p = 0.030) and PSQI score
(x*> = 24.295, p = 0.004). All 4 groups showed significant re-
ductions in total scores on the HAM-A, HAM-D and PSQI at
the post-treatment, 10-day and 1-month visits (p < 0.001).
Model-estimated differences between groups in terms of
treatment-related changes are shown in Table 2 and Figure 3.

Post-treatment, the rds-ccPAS-1500 group showed signifi-
cantly greater reductions in HAM-A scores than the rds-
ccPAS-750 group (p = 0.011), the ss-PFC group (p < 0.001) and
the ss-PPC group (p = 0.004). At the 1-month visit, we observed a
trend-level significance in the reduction of HAM-A scores in the
rds-ccPAS-1500 group compared to the ss-PFC group (p = 0.08).

Post-treatment, the rds-ccPAS-1500 group showed signifi-
cantly greater reductions in HAM-D scores than the ss-PFC
group (p = 0.005) and a trend-level greater reduction com-
pared to the ss-PPC group (p = 0.06). Differences in HAM-D
scores between the rds-ccPAS-1500 group and the single-site
groups did not reach statistical significance at the 10-day or
1-month visits.

Table 2: Between-group differences in clinical scores

Post-treatment, the rds-ccPAS-1500 group showed signifi-
cantly greater reductions in PSQI scores than the ss-PPC
group (p = 0.007) and a trend-level greater reduction com-
pared to the ss-PFC group (p = 0.06). We also found a trend-
level greater reduction in the rds-ccPAS-1500 group com-
pared to the ss-PPC group at the 10-day visit (p = 0.05). At the
1-month visit, the rds-ccPAS-1500 group showed signifi-
cantly greater reductions in PSQI scores than the ss-PPC
group (p = 0.040) and a trend-level greater reduction com-
pared to the ss-PFC group (p = 0.09).

The results of the GEE model using sex or both sex and age
were consistent with the results without covariates (Appendix 1,
Tables S3 and S4).

Additional comparative analyses for rds-ccPAS-1500 using
100 ms and 50 ms between-site intervals showed that post-
treatment, 100 ms was associated with a more significant re-
duction in HAM-A score than 50 ms (0.74 + 0.16 v. 0.39 =
0.23; t = —4.529, p < 0.001).

Responders and remitters

Post-treatment, significantly more patients achieved re-
sponder status in the rds-ccPAS-1500 group (92.3%, 12/13)
than in the ss-PFC group (35.7%, 5/14; y* = 9.258, p = 0.002).
We also found significantly more remitters in the rds-
ccPAS-1500 group (53.8%, 7/13) than in the ss-PFC group
(14.3%, 2/14; x* = 8.429, p = 0.004) or the ss-PPC group (14.3%,
2/14; x> = 8429, p = 0.004). At the 1-month visit, we found

Mean difference (95% ClI)
p value, Cohen d

Adjusted difference

Post-treatment

10-day follow-up

1-month follow-up

HAM-A
rds-ccPAS-1500 v.

rds-ccPAS-1500 v.

rds-ccPAS-1500 v.

HAM-D
rds-ccPAS-1500 v.

rds-ccPAS-1500 v.

rds-ccPAS-1500 v.

PSaQl
rds-ccPAS-1500 v.

rds-ccPAS-1500 v.

rds-ccPAS-1500 v.

rds-ccPAS-750

ss-PFC

ss-PPC

rds-ccPAS-750

ss-PFC

ss-PPC

rds-ccPAS-750

ss-PFC

ss-PPC

-5.26 (-9.30 to —1.21)
p=0.011% d=-1.147

-6.14 (~9.06 to -3.22)
p <0.001*, d = -1.577

-5.78" (-9.67 to —1.89)
p =0.004%, d = -1.109

-2.79 (-6.47 t0 0.88)
p=0.14, d = -0.670

-3.75 (-6.35 to -1.15)
p =0.005%, d =-1.086

~3.03 (~6.14 t0 0.08)
p =0.061, d = -0.730

-1.85 (-4.79 to 1.10)

p=0.22,d =-0.547

-3.20 (-6.56 t0 0.16)

p =0.061, d = -0.712
-3.78 (-6.62 to —1.03)
p =0.007*, d = -1.032

-2.37 (-7.66 10 2.93)
p=0.38,d=-0.371
-3.42 (~7.94 t0 1.09)
p=0.14,d = -0.576
-2.71 (-7.81 t0 2.39)
p =0.30, d = -0.402

-0.62 (~4.82 to 3.59)
p =078, d=-0.127
~1.76 (~4.68 t0 1.16)
p=0.24,d=-0.458
-0.83 (~4.56 t0 2.91)
p =066, d=-0.167

-2.56 (-4.03 to 2.56)
p=0.66,d=-0.188
~3.06 (-5.76 t0 0.64)
p=0.12, d=-0.604
-0.74 (-6.17 t0 0.05)
p =0.05t, d = -0.743

-2.86 (~8.96 t0 3.32)
p =0.36,d = -0.394
-4.66 (~9.85 t0 0.52)
p = 0.08t, d = —0.684

—2.74 (~7.77 t0 2.29)
p=0.29,d=-0.415

-1.39 (-7.01 t0 1.09)
p =063 d=-0.218

-2.62 (-6.32 t0 1.09)
p=0.17,d=-0535

-1.62 (-5.36 t0 2.13)
p =0.40, d = -0.327

~1.70 (-4.99 to 1.58)

p=0.31,d=-0.436

-2.71 (-5.83 t0 0.41)

p =0.091, d = —0.654
-3.21 (-6.28 t0 -0.14)
p = 0.040*, d = —0.790

Cl = confidence interval; HAM-A = Hamilton Anxiety Rating Scale; HAM-D = Hamilton Depression Rating Scale; PSQI = Pittsburgh Sleep Quality Index; rds-ccPAS-750 = repetitive dual-
site cortical-cortical paired associative stimulation, 750 pulses per session; rds-ccPAS-1500 = repetitive dual-site cortical-cortical paired associative stimulation, 1500 pulses per session;
ss-PFC = single-site stimulation over the dorsolateral prefrontal cortex; ss-PPC = single-site stimulation over the right posterior parietal cortex.

*Significant difference as estimated by generalized estimating equation (p < 0.05).

1Trend-level difference as estimated by generalized estimating equation (p < 0.1); degree of freedom was 1.
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HAM-A HAM-D PSsaQl
309
20
10+
0 T T T T 0 T T T T 0 T T T T
Pre Post 10d 1 mo Pre Post 10d 1 mo Pre Post 10d 1 mo
-e- rds-ccPAS-1500 rds-ccPAS-750 -+ ss-PFC -+ ss-PPC

Fig. 3: Generalized estimating equation model for treatment-related differences between groups. Mean scores on the (A) HAM-A, (B) HAM-D
and (C) PSQI estimated by the generalized estimating equation model for 4 groups at 4 time nodes. **Clinical scores of the rds-ccPAS-1500
group were significantly different from those of the other groups (p < 0.05). *Clinical scores of the rds-ccPAS-1500 group were marginally differ-
ent from those of the single-site groups (p < 0.1). Bars represent standard error. HAM-A = Hamilton Anxiety Rating Scale; HAM-D = Hamilton
Depression Rating Scale; PSQI = Pittsburgh Sleep Quality Index; rds-ccPAS-750 = repetitive dual-site cortical—cortical paired associative stimu-
lation, 750 pulses per session; rds-ccPAS-1500 = repetitive dual-site cortical—cortical paired associative stimulation, 1500 pulses per session;
ss-PFC = single-site stimulation over the dorsolateral prefrontal cortex; ss-PPC = single-site stimulation over the right posterior parietal cortex.

significantly more remitters in the rds-ccPAS-1500 group
(53.8%, 7/13) than in the ss-PFC group (7.1%, 1/14; y>=7.052,
p = 0.008). After Bonferroni correction (p < 0.05/6 = 0.0083),
the differences in treatment response at the 3-month visit were
still significant between the rds-ccPAS-1500 group (100%, 9/9)
and the ss-PFC (50%, 4/8) and ss-PPC (50%, 3/6) groups.

Adverse events and safety

One patient in each the rds-ccPAS-1500 group and 1 patient
in the ss-PPC group reported headaches and discontinued
treatment. One patient in the ss-PFC group reported an
aggravation of anxiety and insomnia symptoms within
2 days after starting treatment and withdrew from the study.
No seizures, neurologic complications or subjective com-
plaints about cognitive impairment were reported.

Discussion

This study compared the treatment efficacy of frontoparietal
rds-ccPAS and single-site rTMS in patients with GAD. In the
absence of a sham control, both rds-ccPAS and single-site
stimulation induced significant reductions in clinical scores
for anxiety, depression and insomnia. More importantly,
compared to single-site stimulation, rds-ccPAS-1500 induced
greater improvements in anxiety, depression and insomnia
post-treatment, and in anxiety and insomnia at 10-day and
1-month follow-up. As well, the rds-ccPAS-1500 group had
more treatment responders and remitters.

The results for single-site stimulation were consistent with
the findings of previous studies.**** GAD is characterized by
disturbances in emotional processing and regulation."® As a
critical region involved in emotional regulation, the dIPFC

has been used as a stimulating site for rTMS treatment of
GAD. Preliminary evidence with open-label*® and random-
ized, double-blind, sham-controlled* designs suggests that
low-frequency rTMS over the right dIPFC may improve
symptoms in patients with GAD.

Although there is less research evidence for stimulation of
the parietal lobe, some studies have suggested the potential
of stimulating the right PPC to treat anxiety disorder. Abnor-
mally increased cortical excitability has been observed in the
right parietal cortex of patients with GAD as measured by so-
matosensory evoked potential,® and inhibitory rTMS applied
to the right PPC increased the reaction time cost for threaten-
ing distractors.* Low-frequency rTMS over the right PPC has
shown efficacy in the treatment of anxiety with insomnia.?

Our results showed that dual-site stimulation can lead to
better therapeutic effects than single-site stimulation, by deliv-
ering twice as many pulses within approximately the same
time. These findings may be explained by the aforementioned
hypothesis of GAD" and the “hub” role of the frontoparietal
network in cognitive control.””® The coexisting functional ab-
normalities¥”* in the prefrontal and parietal cortices (i.e., func-
tional connectivity and grey matter volume) in GAD also indi-
cate that stimulating both the prefrontal and parietal cortices
may lead to stronger treatment efficacy than single-site stimu-
lation. A possible mechanism is that associative stimulation
may improve the cognitive control ability of the frontoparietal
network more strongly than single-site stimulation, subse-
quently inhibiting excessive emotional response generated by
the limbic system. Further studies are needed to compare neural
mechanisms between dual-site and single-site stimulation.

Our results indicate that a 100 ms between-site interval
may be an optimized parameter for frontoparietal rds-ccPAS
to treat GAD. The biological effect of ccPAS depends on both
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the stimulating interval and the direction of the 2 sites. By
stimulating 2 interconnected areas with different intervals
and directions, the physiologic effects can be very different.
Using the opposite directions for ccPAS than we did in the
present study produced distinct effects for prefrontal and pa-
rietal activation.??® Building on our previous finding®' of in-
creased clinical efficacy with rds-ccPAS at 50 ms compared to
shorter intervals, we prolonged the stimulating interval to
100 ms in the present study and found that at this interval,
treatment efficacy was greater than with an interval of 50 ms.
A possible explanation for this finding is that when the time
interval is increased to 100 ms, the STDP-like antagonistic ef-
fect between the 2 sites may be eliminated.

Considering that the number of pulses may also be a reason
for differences between dual-site and single-site stimulation, we
created a dual-site group (rds-ccPAS-750) that received the same
total number of pulses as the single-site stimulation groups. We
found that the clinical efficacy of rds-ccPAS-1500 was stronger
than that of rds-ccPAS-750, and that the rds-ccPAS-750 group
did not show stronger clinical efficacy than single-site stimula-
tion. It is possible that at a between-site interval of 100 ms, fron-
tal stimulation did not produce a facilitation modulation on the
stimulating effect of the parietal lobe; it is also possible that the
stimulating effects for the 2 sites were independent.

We evaluated 3 clinical scales (HAM-A, HAM-D and PSQI)
and found that the total scores for all scales decreased after
treatment in all 4 groups. Between-group comparisons showed
that scores on each of the 3 clinical scales decreased for at least 1
of the follow-up points. These results were consistent with the
phenomenon of commonly coexisting symptoms of anxiety,
depression and insomnia in patients with GAD.

We found significant or trend-level improvements in anx-
iety and insomnia symptoms at the 10-day and 1-month vis-
its in several comparisons between rds-ccPAS-1500 group
and the single-site groups (at 10 days for rds-ccPAS-1500
v. ss-PPC on the PSQI; at 1 month for rds-ccPAS-1500 v. ss-PFC
on the HAM-A; at 1 month for rds-ccPAS-1500 v. ss-PFC on
the HAM-D; at 1 month for rds-ccPAS-1500 v. ss-PFC and
ss-PPC on the PSQI). Comparisons at other clinical visits did
not show statistically significant differences, suggesting that
the advantage of dual-site over single-site stimulation was
only weakly maintained after treatment was terminated.
This finding emphasizes the need for consolidation therapy
to better maintain the advantage of dual-site rTMS. Evi-
dence for GAD is lacking, but studies in treatment-resistant
depression**4! have confirmed a remarkable benefit of con-
tinuous treatment for patients who respond to rTMS.

The major contribution of this research is to indicate an appro-
priate stimulation interval for rds-ccPAS to produce better clin-
ical efficacy than single-site stimulation. As indicated by our pre-
vious findings, frontoparietal associative stimulation does not
necessarily produce a stronger effect than single-site stimulation
or rds-ccPAS with very short intervals (i.e., 10 or 20 ms).*' There-
fore, the appropriate between-site interval for dual-site stimula-
tion is key to ensuring clinical efficacy. Another contribution is
that we used a new technology — rds-ccPAS for rTMS treatment
— which can deliver twice as many stimulation pulses than
single-site stimulation in approximately the same time.

Limitations

The small  value for each treatment paradigm (n = 9-14) was
one of the major limitations of this study, partly because the
COVID-19 pandemic affected case collection. Recruiting a larger
sample of patients with GAD may help to confirm our findings
for rds-ccPAS and make it possible to follow responders for a
longer period to identify the duration of treatment effect.

Another limitation may have been a lack of comparison be-
tween dual-site stimulation with 1500 ccPAS pulses and single-
site stimulation with 3000 pulses, making it impossible to
conclude whether it was the greater number of pulses or the
dual-site approach that induced greater clinical improve-
ment. It might be also useful to measure the effect on cortical
dynamics of dual-site ccPAS with 10 ms versus 100 ms inter-
vals, using electrophysiological technologies to determine
whether ccPAS at 100 ms intervals enhanced inhibition of the
PPC by increasing long-term depression, and whether the
10 ms interval has the opposite effect.

We used single-site stimulation as a control, but the most
ideal control would have been dual-site sham stimulation,
which could clarify whether clinical efficacy was because of
TMS or a placebo effect.

Finally, although the EEG system has a reasonable cor-
respondence with cortical areas, we could not rule out the
possibility that the F4 and P4 electrodes included adjacent
brain regions. The location of stimulating sites based on indi-
vidualized brain activation may increase clinical efficacy.

Conclusion

Overall, our preliminary evidence suggests that a protocol of
10 sessions of 1 Hz frontoparietal rds-ccPAS with a between-
site interval of 100 ms (rather than shorter intervals) pro-
vided better benefits to patients with GAD than single-site
protocols, in almost the same treatment time. Future studies
comparing dual-site and single-site stimulation with the
same number of stimulating pulses will help to clarify
whether the larger number of pulses (3000) or the dual-site
approach led to improvements in clinical efficacy.
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