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Background: Obsessive Compulsive Disorder (OCD) is a chronic and disabling disorder with poor

response to pharmacological treatments. Converging evidences suggest that OCD patients suffer from

dysfunction of the cortico-striato-thalamo-cortical (CSTC) circuit, including in the medial prefrontal

cortex (mPFC) and the anterior cingulate cortex (ACC).

Objective: To examine whether modulation of mPFC-ACC activity by deep transcranial magnetic stim-

ulation (DTMS) affects OCD symptoms.

Methods: Treatment resistant OCD participants were treated with either high-frequency (HF; 20 Hz),

low-frequency (LF; 1 Hz), or sham DTMS of the mPFC and ACC for five weeks, in a double-blinded

manner. All treatments were administered following symptoms provocation, and EEG measurements

during a Stroop task were acquired to examine changes in error-related activity. Clinical response to

treatment was determined using the Yale-Brown-Obsessive-Compulsive Scale (YBOCS).

Results: Interim analysis revealed that YBOCS scores were significantly improved following HF (n ¼ 7),

but not LF stimulation (n ¼ 8), compared to sham (n ¼ 8), and thus recruitment for the LF group was

terminated. Following completion of the study, the response rate in the HF group (n ¼ 18) was signifi-

cantly higher than that of the sham group (n ¼ 15) for at least one month following the end of the

treatment. Notably, the clinical response in the HF group correlated with increased Error Related

Negativity (ERN) in the Stroop task, an electrophysiological component that is attributed to ACC activity.

Conclusion: HF DTMS over the mPFC-ACC alleviates OCD symptoms and may be used as a novel thera-

peutic intervention. Notwithstanding alternative explanations, this may stem from DTMS ability to

directly modify ACC activity.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Obsessive Compulsive Disorder (OCD) is a chronic condition

with a life time prevalence of ~2.3% [1], which is considered by the

World Health Organization as one of the ten most disabling disor-

ders [2]. Although the combination of cognitive behavioral therapy

(CBT) and serotonin reuptake inhibitors (SRIs) stands as a first line

treatment for OCD [3], the clinical challenge still remains. This is

due to the complexity and heterogeneity of the disorder [4], the

high percentage of patients that are drug-resistant or that cannot

tolerate the drug-related side effects [5,6], and the relative low

percentage of patients that receive CBT [7].

One alternative treatment is non-invasive brain stimulation

using transcranial magnetic stimulation (TMS). TMS enables alter-

ation of neural activity in specific brain regions, molding plasticity

at the network level [8], andmodulating cortical excitability in both

motor and non-motor areas [9]. Low-frequency (LF) TMS (~1 Hz) is

generally thought to produce inhibitory effects, whereas high-

frequency (HF) TMS ("5 Hz) is generally thought to produce

excitatory outcomes [10]. Several studies have tried to harness TMS

to treat OCD, and a recent meta-analysis concluded that although

active TMS was found to be clinically and statistically superior to

sham TMS, a consensus intervention protocol has yet to emerge
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[11]. Up until now, most studies targeted the supplementary motor

area (SMA) or components of the cortico-striato-thalamo-cortical

(CSTC) circuits - the dorsolateral PFC (DLPFC) and orbitofrontal

cortex (OFC). Indeed, converging evidence points towards the

involvement of the CSTC circuits in the etiology of OCD [12],

including structural abnormalities [13,14] and impaired function of

the CSTC circuit as a whole [15e17], or of its different components

[15,18e22]. For example, the anterior cingulate cortex (ACC) and

the medial prefrontal cortex (mPFC) were found to be hyperactive

in OCD patients while detecting cognitive conflicts [23] or making

an error [24].

Over-reaction to errors is a common feature to many individuals

with OCD [15,25]. Patients often report a distressing sense of

incompleteness and a drive to perform an action until this sensa-

tion is reduced and things look, feel, or sound “just right” [15,25].

One example for such over-reaction can be evident in tasks that

include commission of a mistake, such as Stop-Signal, Flanker, or

Stroop tasks [26e31]. In these tasks, OCD patients display an

increased Error-Related Negativity (ERN) electroencephalogram

(EEG) signal following a mistake [16,23,26,28,32e34]. This ERN

signal is attributed to ACC activity and is most evident within the

theta frequency band (4e8 Hz) recorded over the mPFC [35].

Notably, deep rTMS treatment over the mPFC with a double-cone

coil improved both OCD symptoms and post-error slowing, which

suggests a correlation between error monitoring impairment and

OCD pathophysiology [36].

Taken together, the ACC and mPFC may stand as favorable tar-

gets for intervention in OCD. These brain regions can be stimulated

directly using deep TMS with the H7-coil (Fig. S1 and [37]). How-

ever, the most effective frequency of stimulation cannot be pre-

dicted. On the one hand, the mPFC and ACC are hyperactive in OCD

and thus an inhibitory LF stimulation may be efficacious (e.g., [38]).

On the other hand, HF stimulation can disrupt activity and induce

long term effects, as recently shown for nicotine addiction, where

high (but not low) frequency stimulation of the insula was effective

[39] although the insula is actually thought to be hyperactive in

addicts [40]. Moreover, HF in animal models produces more

consistent and lasting neuroplastic effects [41]. Hence, in the cur-

rent study, in an attempt to affect OCD symptoms, we tested either

HF or LF stimulation over the mPFC and ACC using the H7-coil. We

also hypothesized that clinically-beneficial stimulation will affect

ACC activity, which will be evident as modified ERN response and

therefore providing a potential electrophysiological biomarker for

the treatment effect.

Methods and materials

Procedure

The experiment included baseline clinical and electrophysio-

logical measurements in 41 OCD patients, a 5-weeks treatment

phase, corresponding measurements, and a one month follow-up

phase. The study was performed at Chaim Sheba Medical Center,

Israel (2012e2014), and the protocol was approved by the local

Institutional Review Board and the Israeli Ministry of Health.

Participants

Forty one OCD participants who met stage III criteria (failure of

two SRI trials plus CBT, Table S1) [42] were recruited via newspa-

pers and internet advertisements, and from the outpatient program

at Chaim Sheba Medical Center. The inclusion criteria were: 18e65

years old; current DSM-IV diagnosis of OCD; a score of"20 in the Y-

BOCS (20 items) [43]; CBTatmaintenance phase (if conducted); and

stable SSRI medications maintenance for 8 weeks prior to

enrollment, and unchanged during treatment. Exclusion criteria

included any other Axis-I psychopathology or a current depressive

episode. All participants signed a written informed consent form.

Clinical procedure

All participants underwent clinical assessment that included the

Mini-International Neuropsychiatric Interview (MINI) [44], the

Yale-Brown-Obsessive-Compulsive Scale (YBOCS) [43], an IQ

assessment using the Raven's Progressive Matrices test (RSPM)

[45], the Hamilton's depression rating scale (HAM-D; 24-item) [46],

and the Clinical Global Impressions of severity (CGI-S) [47]. Par-

ticipants were randomly assigned to receive 1 Hz stimulation (LF),

20 Hz stimulation (HF), or sham stimulation, using a computer

program (Interactive Web Randomization System; Medpace's

ClinTrak, USA). All groups were treated five times per week for five

weeks (for a total of 25 sessions), and each treatment session began

with an exposure to personalized obsessive-compulsive cues.

The primary and secondary efficacy measures, YBOCS and CGI-I

[47], were performed at baseline (pre-treatment), prior to the

second treatment session in weeks 2e4, prior to the last treatment

session (post-treatment), and at 1-week and 1-month follow-ups

(1 W and 1M FU) visits. Evaluations were performed by clinically

trained raters in a blinded manner, and the efficacy outcome in

these measures was the change from Pre-to Post-treatment. For

YBOCS, the clinical response was defined as a reduction of 30% [42].

This threshold was set in accordance with the literature, taking into

account the study population (stage III criteria [42]). Nevertheless,

results using the more common threshold of 35% reduction in

YBOCS scores are also reported. For CGI-I, responsewas defined as a

score#2 (very much improved or much improved).

Provocation of OCD symptoms

The effects of DTMS seem to be most pronounced when the

targeted circuit is active. For example, a brief exposure to the

traumatic memory in post-traumatic stress disorder (PTSD) par-

ticipants [48], or to smoking cues in heavy smokers [39], increased

treatment response compared to the unexposed group. This phe-

nomenon can be explained, at least in part, by accumulating evi-

dences suggesting that items that are stored in long-term memory

become prone to change (e.g., by stimulation) upon their retrieval

(e.g., following provocation) [49,50].

Specifically for OCD, hyperactivity of different components of

the CSTC circuit was observed following symptom provocation

[17,51,52]. Therefore, prior to each session a provocation was

administrated by the operator. For each patient, a list of personal-

ized provocations was designed by a clinician during the first

assessment meeting. These provocations were designed to achieve

a self-report score between 4 and 7 on a 1 to 10 visual analog scale

(VAS), and were recorded on the case report forms (CRFs).

Following each treatment, participants were allowed to perform

any relevant ritual they desired.

Deep rTMS

DTMS offers a non-invasive tool to stimulate deep-located re-

gions such as the ACC. DTMS was administered using a Magstim

Rapid2 TMS stimulator (The Magstim Co. Ltd., Whitland, Carmar-

thenshire, United Kingdom) equipped with an H7-coil (specifically

designed to stimulate the ACC, Supplementary material 1.1).

During each DTMS session, the optimal spot on the scalp for leg

motor cortex stimulation was localized, and the leg resting motor

threshold (RMT) was defined. The coil was then moved forward

4 cm anterior to the motor spot and aligned symmetrically over the
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mPFC. HF and LF stimulation trains of pulses were delivered at 100%

and 110% of the leg RMT, respectively (different intensities were

employed for safety reasons, taking into account patients with

augmentation medications such as D2 antagonists and the higher

risk for HF stimulation). HF (20 Hz) sessions consisted of 50 trains

lasting 2 s each, with an inter-train interval of 20 s (2000 pulses in

total), while LF (1 Hz) sessions consisted of 900 consecutive pulses.

Sham stimulation (randomized to mimic either HF and LF stimu-

lation), and the determination of the type of stimulation for each

individual (HF, LF or sham) were performed as previously described

[39,53] (Supplementary material 1.4). Participants were told that

physical sensations may be induced by both real and sham coils,

operators and raters were blind to the type of treatment, and raters

were not allowed to be present during treatments. Following the

first treatment, participants were asked to guess which treatment

they were assigned to (active\sham) by choosing one of the

following answers: 1. I do not know, 2. Uncertain that I received

active\sham treatment, 3. Strong feeling that I received active\sham

treatment. 4. Active\sham group.

Electrophysiological recording during a stroop task

EEG recordings during a Stroop task were performed at Pre- and

Post-treatment time-points. The Stroop task was administered

using E-Prime software (Psychology Software Tools, Inc.) on a 17

inch computer screen, as previously described [54]. Participants

were instructed to press the key associated with the color of the

word while ignoring the word's meaning (Supplementary material

1.5). EEG was recorded using the ASA lab (A.N.T. Enschede,

Netherlands), with a 32 channels cap (Waveguard) and two Elec-

trooculography (EOG) channels. Electrode impedances were kept

below 10 KU, and all channels were average referenced. Data were

collected at 250 samples per second and digitized with a 24-bit AD

converter.

EEG analysis

Detailed description is provided in the Supplementary material

1.6. In brief, continuous EEG data were filtered using 1e100 Hz

band-pass and 50 Hz notch, and were segmented into trials that

were time-locked to the participants' response. The segmented

data were baseline corrected, and noisy segments or channels were

removed. Data were then gathered according to conditions

(congruent/incongruent), divided by response type (correct/

mistake) and filtered to the theta band (4e8 Hz). Since most of the

mistakes (93%) were made within the incongruent trials, analysis

was carried out solely for this condition. The amplitudes following

responses (0e120 ms, see supplementary material 1.6) were

computed using an adaptive mean measure. In addition, we used a

wavelet transform analysis to convert the data from a time to a

frequency domain. Thus, the mean theta power from the Cz elec-

trode, ranging between 0 and 120 ms post response, was converted

to decibels (dB) [27], and the power spectral perturbation was

expressed as a change from baseline (in dB). All EEG analysis was

performed using MATLAB's EEGLAB toolbox.

Statistical analysis

Data analysis was performed using STATISTICA software, version

12 (StatSoft, Tulsa, OK).

Interim analysis - In an attempt to maximize the clinical benefit

to the participants, an interim analysis was carried out midway

through the experiment (n ¼ 7, 8, and 8 for the HF, LF, and sham

groups, respectively). We used a mixed model ANOVA with Group

(HF, LF and sham) and Time (baseline and weeks 2e5) as

independent variables and YBOCS scores as the dependent variable.

Thereafter, we performed a 3X2 ANOVA analysis with Group (HF, LF

and sham) and Time (Pre- and Post-treatment) to compare the

effect of stimulation. Following this analysis, the LF group was

excluded from the study due to the lack of consistent response in

this group (as detailed below) and given the limited rate of

recruitment of the study population.

Final analysis - For the behavioral data, we used a mixed-model

ANOVA with Group (HF and sham) and Time (baseline and weeks

2e5) as independent variables, and the scores of YBOCS and CGI-I

as dependent variables. Significant results were further analyzed

with Tukie post-hoc. Analyses of 1 W and 1M FU results were

compared using T-tests and the required p value for significance

was corrected (pC) for the relevant number of comparisons. Chi-

square test was used to compare blinding and response rates.

EEG amplitude and power were analyzed using a mixed-model

measure ANOVA with Group (HF and sham), Time (Pre- and Post-

treatment), and Response type (correct and mistake) as indepen-

dent variables, andwith theta band dBmean power (0e120ms post

response) as the dependent variable. Significant results were

further analyzed using Tukey post-hoc. All data are presented as

mean±SEM.

Results

The three groups did not differ in their baseline characteristics

of gender, age, IQ, concomitant medication, depression, or OCD

severity (Table 1). No severe adverse events were recorded, and the

treatment was well-tolerated by most participants. Side-effects

that included headaches and fatigue were reported by four par-

ticipants (three from the HF group and 1 from the sham group).

Three participants dropped out during treatment - one due to

conflicting schedule (sham group) and two due to inconvenience

with the treatment (HF group). Thus, the final analysis consisted of

38 participants (out of 41 randomized) that completed the treat-

ment (see Consort chart in Fig. S2). Most of the participants did not

guess which group (active \ sham) they were assigned to (75%, 88%

and 86% chose option #1 (“I don't Know”) from the LF, HF, and sham

groups, respectively; c2
¼ 0.66, p ¼ 0.71). One participant out of

each group correctly chose option #2 (uncertain that I received

active\sham), and one out of each group falsely chose option #3

(Strong feeling that I received active\sham treatment). These per-

centages imply that the blinding process was well established.

Interim analysis

Repeated measures analysis for the five weeks of treatment

revealed a near significant Group X Time interaction (F8, 80 ¼ 1.81,

p < 0.08), and analysis comparing the change from Pre to Post

Table 1

Baseline demographic and clinical characteristics.

Sham LFa HF p

Sample size 14 8 16

Female\Male 7/7 4/4 7/9 n.s.

Age 35 ± 3.5 28 ± 3.1 36 ± 2.1 n.s.

Raven IQ 38 ± 5.8 34 ± 6.3 47 ± 6.6 n.s.

YBOCS 26 ± 1 25 ± 1.2 28 ± 0.7 n.s.

HAMD-21 9 ± 0.88 10 ± 1.2 9 ± 0.97 n.s.

CGI - S 5 ± 0.6 5 ± 0.5 5 ± 0.5 n.s.

D2 antagonist augmentation 6/14 3/8 5/16 n.s

YBOCS, YaleeBrown Obsessive Compulsive Scale; HAMD-24, Hamilton Depression

Rating Scale e 24-item; CGI-S, Clinical Global Impression e Severity. All means are

accompanied with SEM scores.
a See interim analysis for differences in sample size.
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treatment revealed a near significant effect for the HF (F1, 20 ¼ 5.38,

p¼ 0.055), but not for the LF (F1, 20 ¼ 1.23, p¼ 0.28) treatment over

sham (see details in Supplementary material 2.1). Taking into ac-

count the lack of trend in the LF group, the fact that 2 out of 8

patients in the LF group demonstrated an increased YBOCS score

following treatment, and given the limitation of resources and slow

recruitment rate, the LF arm of the study was omitted. Further

recruitment was carried out only for the HF and sham groups, using

the same double-blind arrangements, and all forthcoming analysis

will compare the results of these two groups.

Final analysis

Sixteen participants in the HF group and 14 participants from

the sham group completed all stages of the study and were

included in the final analysis.

Clinical results

The primary analysis for the efficacy of the treatment was the

percent change in YBOCS scores. This analysis revealed a significant

Group X Time interaction (F4, 112 ¼ 7.81, p < 0.001), and a post-hoc

analysis revealed significant differences between the groups at

weeks 4 (p < 0.01) and 5 (p< 0.01; Fig.1a). In accordancewith these

results, a significantly higher proportion of participants from the HF

group (seven participants; 43.75%) compared to the sham group

(one participant; 7.14%) reached the predefined response criteria

(i.e. 30% reduction in YBOCS relative to baseline) after five weeks of

treatment (c2
¼ 5.11, p< 0.05; Fig.1b). Calculating the response rate

using the more restrictive criteria of 35%, we found that five par-

ticipants (29.41%) from the HF group and one participant (7.14%)

from the sham group were defined as responders (c2 ¼ 2.71,

p < 0.10).

Analysis of the YBOCS scores during follow-up visits revealed a

significant difference between the HF and sham groups at the 1 W

FU visit (n ¼ 11 and 13, respectively; t22 ¼ 3.46, pC < 0.05). At this

time point, 5 participants (45.45%; only one with less than 35%

score reduction) of the HF group and 1 participant (7.69%) from the

sham group were defined as responders (c2 ¼ 4.53, p < 0.05).

During the 1M FU, YBOCS scores continued to be stable, but sig-

nificance was lost (n¼ 9 and 9, respectively; t16 ¼ 2.06, pC < 0.6). At

this time point, 4 participants (44.44%; only one with less than 35%

score reduction) of the HF group and none of the participant from

the sham group were defined as responders (c2 ¼ 5.14, p < 0.05).

Analysis of the CGIeI scores revealed a significant main effect for

Group (F1, 24¼ 10.55, p < 0.01; Fig. 1c). In accordancewith this result,

a significantly higher proportion of participants from the HF group

(11 participants; 64.7%), compared to the sham group (one partici-

pant; 7.1%), reached the predefined response criteria after five weeks

of treatment (c2
¼ 11.80, p < 0.001; Fig. 1d). Here again, there was a

significant difference between the HF and sham groups in the 1 W

FU (t20 ¼ 3.40, pC < 0.05), while 1M FU scores remain low but

without a significant difference between the groups (t16 ¼ 2.23;

pC ¼ 0.23). During the 1 W FU, 7 participants (63.63%) of the HF

group and 1 participant (7.69%) from the shamgroupwere defined as

responders (c2 ¼ 8.39, p < 0.01); while during the 1M FU, 5 par-

ticipants (55.55%) of the HF group and 3 participants (33.33%) from

the sham group were defined as responders (c2 ¼ 0.9, p < 0.35).

Stroop-EEG analysis

We excluded from the analysis patients who had more than 90%

mistakes (2 from the HF group and 3 from the sham group), and

Fig. 1. Clinical effect of the treatment. Panel a presents mean þ SEM changes in YBOCS scores from baseline along the study, for the HF and sham groups. Panel b presents the

number and percentage of participants who responded to treatment (i.e. 30% reduction in symptoms at week 5) in each group. Panel c and d presents changes from baseline in CGI-I

scores and the percentage of participants that benefit from the treatment, in each group. *p < 0.05, **p < 0.01, ***p < 0.001.
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patients who had no mistakes at all (1 from HF group and 2 from

the sham group). Thus, the final ERN analysis included 13 partici-

pants from the HF group and 9 participants from the sham group,

with no differences in behavioral mistake percentage at baseline

(13 ± 3.4% and 8 ± 2.3%, respectively), or following treatment

(14 ± 2% and 12 ± 2.5%, respectively).

The ERN response expressed in the theta band (0e120 ms post

response) was similar in both groups at baseline, but there was a

shift towards increased ERN in the HF group, and decreased ERN in

the sham group following treatment (Fig. 2).

Analysis of the theta power revealed a significant Group X Time

X Response interaction (F1, 20 ¼ 4.11, p < 0.05); and post-hoc

analysis revealed significant post-treatment differences between

the groups. Specifically, theta activity in response to a mistake

following treatment was higher in the HF group when compared to

that of the sham group (F1, 20 ¼ 6.8, p > 0.01; Fig. 3).

Notably, the effect of treatment on ERN correlated with its effect

on symptom severity in the HF group (r ¼ 0.63, p < 0.01), but not in

the sham group (r ¼ %0.42, p < 0.26; Fig. 4).

Finally, a secondary analysis revealed gender differences in

response to treatment, such that men were significantly more

prone to respond than women (Supplementary material 2.2).

Discussion

The present study is the first to explore the safety, tolerability,

and efficacy of multiple sessions of DTMS in the treatment of OCD.

The results indicate that HF stimulation over the mPFC and ACC is a

safe and effective intervention for the alleviation of OCD symptoms

in participants who failed to receive sufficient benefit from previ-

ous treatments. We found that compared to sham treatment, the

response rate following HF treatment was significantly higher for

up to one month, and that the reduction in symptoms severity was

related to the magnitude of changes in the ERN response.

In this study, both HF and LF DTMS using the H7 coil turned out

to be safe and overall well tolerated by OCD participants. No severe

adverse events such as seizures occurred, and the most frequent

side-effects included mild headaches during, or immediately

following, stimulation; a pattern that is in line with a recent

comprehensive review [55]. In addition, response within the sham

groupwas very low and in agreement with former sham-controlled

TMS studies [56], implying that the obtained results are due to

stimulation and are not merely a consequence of provocation-

induced exposure therapy.

The fact that HF stimulation was superior over LF stimulation

seems counterintuitive, as it would be expected that reducing

excitability, rather than increasing it in the hyperactive mPFC and

ACC of OCD patients would induce a therapeutic effect [57].

Nevertheless, cumulative data suggest that the notion of excitatory

HF vs. inhibitory LF stimulation is oversimplified [55,58]. High-

frequency stimulation, which is considered to be excitatory, can

also disrupt neural activity, and was shown to be a more effective

tool when attempting to induce long-term clinical effects. For

example, in cigarette smokers high (but not low) frequency rTMS

directed to the insula reduced cigarette consumption [39] which

mimics the effect of damage to this area. In addition, stimulation of

the SMA with both LF [36,59e61] and HF [62] were shown to

reduce YBOCS scores in OCD patients, and several other studies

reported successful intervention by either HF or LF targeting the

right, left or bilateral DLPFC [63e66], or the left OFC [67], while

others reported no difference between real or sham stimulation

[68e74].

One mechanism that can explain the observed results is that

neuromodulations induced by HF stimulation in the mPFC and ACC

reinforced participants' ability to exert inhibitory control over their

compulsive behavior. An additional factor that may contribute to

the effect of stimulation is the state of the relevant neuronal circuit.

Specifically, this provocation-DTMS procedure that was applied

here may interfere with the dysfunctional information flow in the

frontal-basal ganglia circuit, which is mediated by the ACC and was

suggested to be a core pathology of OCD [75]. According to this

hypothesis, initiation of behavioral sequences that are stored in the

PFC results in motivational distress that is only relieved upon

completion of the sequences. However, in OCD participants, hyper-

activation of the ACC retards the feeling of completion and gener-

ates the compulsive behavior. Consequently, provocation of

personalized OCD symptoms that trigger the behavioral sequence,

followed by mPFC-ACC stimulation that modulate its activity, may

disrupt circuits associated with the feeling of incompleteness and

may alter the dysfunctional monitoring activity. Consistent with

this hypothesis, our results imply that the beneficial effect of the

treatment was associated with modified theta activation over the

mPFC and the ACC, which is considered to be the generator and the

locus of the ERN response [76]. Particularly, the HF treatment

resulted with increased ERN theta activity that was correlated with

reduction of symptom's severity. To the best of our knowledge, no

TMS protocols or pharmacological interventions [77] have shown

such a change in ERN signal in OCD patients. Here again, the finding

is somewhat counterintuitive considering that enhanced ERN is

generally elicited in OCD participants in comparison to control [33],

and that general hyper-activation of the ACC is commonly found in

OCD participants [33]. Nevertheless, similar findings were previ-

ously observed following beneficial interventions in OCD. For

example, increased resting state [78] and task-related activity [79]

in the dorsal ACC (dACC) were found in participants that improved

after CBT treatment. Saxena and colleges [78] suggested that

Fig. 2. Electrophysiological effect of the treatment. Grand averages of pre- and post-treatment EEG measurements during correct and mistake responses in the Stroop task, as

recorded from the Cz electrode in theta band (4e8 Hz), are presented. Time point 0 is set at the motor response.
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enhancement of dACC activity may be a primary mechanism of

action of CBT for OCD, and it is therefore possible that adminis-

tration of the provocation-DTMS protocol to participants under-

going CBT may produce a synergetic effect and will further improve

treatment outcome.

Limitations

We note several limitations of the current study. First, the study

was considered as a pilot study and the sample size is relatively

small. As such, further studies should be conducted in order to

Fig. 3. Treatment effect on theta power during the Stroop task. Panels a and c present wavelet expression of pre- and post-treatment activity, respectively. Time point

0 represents motor response. Panels b and d present mean þ SEM theta power following correct and mistake responses, pre- and post-treatment, respectively, as detailed in the

text. **p < 0.01.

Fig. 4. Correlation between the clinical and the electrophysiological changes. Correlation between changes in YBOCS scores and ERN amplitudes (Pre-minus post-treatment) are

presented for the HF and sham groups. Analysis revealed a significant positive correlation between the two measurements only in the HF group (r ¼ 0.63, p < 0.01).
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establish this intervention for the treatment of OCD. Second, the

effect of provocationwas not controlled, and relevant brain activity

was not recorded during the provocation. Furthermore, the extent

to which the ACC and the mPFC were adequately stimulated needs

to be further investigated. Consequently, the above discussion in

this matter should be regarded as speculative. Finally, the total

number of pulses (over the 5 weeks of treatment) that was

administered, was different between the LF group (22,500 pulses)

and the HF group (50,000 pulses), which may stand as an alter-

native explanation for the superior efficacy of the HF treatment.

Conclusion

This study indicates that HF DTMS over the mPFC-ACC, when

applied following provocation of OCD symptoms, is safe, tolerable

and effective in reducing OCD symptoms. Larger studies should

determine whether this promising technique may become an

established treatment for OCD, while considering the option of an

additional maintenance phase, as done for the treatment of major

depression [53].
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