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Abstract

Low-frequency repetitive transcranial magnetic stimulation (rTMS) to supplementary motor area
(SMA) showed clinical benefit in obsessive-compulsive disorder (OCD). Here we tested whether
clinical improvement was associated with enhanced cortical inhibition as measured by single and
paired-pulse TMS variables. In 18 OCD patients receiving 4 weeks of either active or sham rTMS
in a doubleblind randomized trial, we assessed bilateral resting and active motor thresholds (RMT
and AMT), cortical silent period (CSP), short-interval intracortical inhibition (SICI) and
intracortical facilitation (ICF). We tested correlations between changes in Yale-Brown Obsessive
Compulsive Scale-Self-report (Y-BOCS-SR), Clinical Global Impression-Severity subscale (CGI-
S) and cortical excitability measures. Active rTMS increased right hemisphere RMT whose
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change correlated with Y-BOCS-SR improvement. Baseline RMT hemispheric asymmetry,
defined as the difference between left and right hemispheres RMT, and its normalization after
active rTMS correlated with Y-BOCS-SR and CGI-S improvements. Active rTMS also increased
right hemisphere SICI whose change correlated with Y-BOCS-SR and CGI-S at week 4, and with
normalization of baseline RMT hemispheric asymmetry. Treatment-induced changes in cortical
excitability measures are consistent with an inhibitory action of SMA rTMS on dysfunctional
motor circuits in OCD. Correlations of neurophysiology measures with therapeutic outcome are
supportive of the role of SMA in the modulation of OCD symptoms.

Keywords

Transcranial magnetic stimulation; Obsessive-compulsive disorder; Supplementary motor area;
Motor threshold; Cortical silent period; Short-interval intracortical inhibition; Intracortical
facilitation

1. Introduction

It has been hypothesized that malfunctioning of cortico-striato-thalamo-cortical circuitry
(CSTC), and in particular deficits in inhibition of irrelevant information and response control
in obsessive compulsive disorder (OCD) (Van den Heuvel et al., 2005; Chamberlain et al.,
2005), may account for the reduced ability of patients to inhibit intrusive thoughts, impulses,
or images and repetitive motor responses or mental rituals. This deficient inhibition has been
posited to have a neurophysiologic signature, associated with a higher than normal level of
cortical excitability (Leocani et al., 2001; Rossi et al., 2005).

Transcranial magnetic stimulation (TMS) measures of motor cortex excitability provide
some evidence for deficient cortical inhibition in OCD. For example, the minimum magnetic
field intensity required to elicit a twitch in a relaxed hand muscle, resting motor threshold
(RMT), a marker of ion channel function (Ziemann et al., 1996a), is reduced in OCD
compared with healthy comparison subjects (Greenberg et al., 2000). Short-interval
intracortical inhibition (SICI), a marker of GABA(A)-ergic function (Ziemann et al., 1996b),
has also been reported to be reduced in patients with OCD (Greenberg et al., 1998;
Greenberg et al., 2000). Patients with OCD demonstrated significantly shortened Cortical
Silent Period (CSP), a marker of GABA(B)-ergic function (Siebner et al., 1998), and
increased intracortical facilitation (ICF), a marker of glutamatergic function (Ziemann et al.,
1998), compared with healthy subjects (Richter et al., 2012).

Consistent with these physiological findings, a neuroimaging study suggested that premotor
areas, such as supplementary motor area (SMA), are hyperactive in OCD, and that this
hyperactivity may relate to deficient inhibitory control of behavior (Yicel et al., 2007).
Using functional magnetic resonance imaging (fMRI) with a task encompassing inhibitory
control processes (the Multi-Source Interference Task), OCD patients had greater relative
activation of a spatially extended SMA/dorsal anterior cingulate cortex (ACC) region
(peaking in the pre-SMA), along with greater deactivation of the rostral ACC during high-
versus low-conflict trials.
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Given this evidence of deficient motor inhibitory control in OCD, the use of low-frequency
repetitive TMS (rTMS) to enhance inhibition in motor circuits (Chen et al., 1997) may be a
fruitful avenue to explore as a putative treatment. We hypothesized that the pre-SMA may be
a therapeutic target for rTMS in OCD because that region is involved in cognitive aspects of
internal movement generation (Picard and Strick, 2001) and with the conscious urge to act
(Fried et al., 1991).

To explore the impact of rTMS on OCD symptoms and motor cortex excitability, we applied
low-frequency (1-Hz) rTMS to the pre-SMA in 10 patients in an open study, and measured
RMT before and after 2 weeks of open-label treatment. The 1-Hz rTMS treatment applied to
the pre-SMA resulted in OCD symptoms improvement and restored physiological levels of
cortical excitability in the right hemisphere, as indexed by RMT (Mantovani et al., 2006). In
case reports of two additional patients with OCD and Tourette's Syndrome (TS) (Mantovani
et al., 2007), we again found a significant clinical improvement and rTMS induced increase
in RMT, in a direction that tended to normalize a baseline hemispheric imbalance. Analyses
of clinical and neurophysiology measures in a subgroup of patients affected with TS (7=10)
and comorbid OCD (=5), and enrolled in a randomized controlled trial (RCT), showed an
average reduction of 54% in the Yale-Global Tic Severity Scale (Y-GTSS), 44% in the Yale-
Brown Obsessive Compulsive Scale (Y-BOCS), and an improvement from markedly to
mildly ill on Clinical Global Impression-Severity subscale (CGIS), whose change correlated
with increased right hemisphere SICI (Mantovani et al., 2012).

In a larger (7=21) randomized sham-controlled trial we recently reported that 1-Hz rTMS to
the pre-SMA had significant benefit in treatment-resistant OCD (Mantovani et al., 2010).
Here we present pre- and post-rTMS intervention measures of motor cortex excitability for
that trial, and test whether rTMS clinical effects were associated with changes in RMT,
AMT, CSP, SICI, and ICF. Our hypothesis was that therapeutic effect would be linked to an
increase in cortical inhibition.

2. Methods
2.1. Subjects

All patients gave written informed consent, and the protocol was approved by the New York
State Psychiatric Institute/Columbia University Institutional Review Board. Patients were
randomly assigned in a 1:1 ratio to either active rTMS or sham, five times per week, for 4
consecutive weeks.

To be eligible patients had to be 18-70 years old, right-handed, have a primary diagnosis of
OCD (confirmed via Structured Clinical Interview/SCID for DSM-1V) (First et al., 1997),
current episode duration of at least one year, have clinically significant OCD symptoms
(defined as a total Y-BOCS score of > 16) (Goodman et al., 1989a, 1989b) despite treatment
with an adequate trial of a Serotonin Reuptake Inhibitor (SRI) and Cognitive Behavior
Therapy (CBT). An adequte SRI trial was defined as treatment for at least 12 weeks on the
SR, that meets or exceeds recommended dosage level for OCD (Koran et al., 2007).
Individuals who could not tolerate, due to side effects, medications of this class at the
specified dose and duration were also included. An adequate trial of CBT was defined as at
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least once a week for 8 weeks with clear evidence of exposure during sessions and
homework given. Patients currently on medication and/or psychotherapy must have been in
stable treatment for at least 12 weeks before initiation and throughout the study. Patients
were excluded if they were treatment-refractory (defined as non-response to clomipramine,
at least 2 selective SRIs (SSRIs) at adequate dose and duration plus CBT in the last year)
and were diagnosed with severe major depressive disorder (MDD) (confirmed by SCID and
measured by the Hamilton Depression Rating Scale (HDRS-24 = 20)). Patients who
exhibited significant acute suicide risk, or with a history of bipolar disorder, of any psychotic
disorder, or of substance abuse or dependence within the past year were excluded. Patients
with neurological disorders, increased risk of seizure, use of proconvulsant medications
(such as bupropion, maprotiline, tricyclic antidepressants, classical antipsychotics),
implanted devices, metal in the brain, unstable medical conditions, pregnancy, or breast-
feeding were also excluded.

To avoid confounds on motor cortex excitability measures, medications with a known
inhibitory effect on brain excitability (such as anticonvulsants, benzodiazepines, atypical
antipsychotics) were not allowed. We excluded patients with prior TMS exposure to reduce
risk of unblinding.

Twenty-one right handed outpatients (13 male and 8 female; mean age=38.9 years,
S.D.=11.9) who met study criteria were recruited and randomly assigned to active or sham
rTMS. Three patients (2 randomized to active and 1 to sham) were withdrawn before starting
rTMS: two experienced a worsening of depression and the other fainted during the RMT
determination. Therefore, analyses were conducted on the 18 completers (nine in the active
and nine in the sham group); demographics and clinical characteristics of this sample are
shown in Table 1.

2.2. Concomitant medications

Six of 18 patients were medication free, while the remaining 12 were on medications held
stable for 3 months prior and throughout the trial. Five patients were on fluoxetine (average
dose=76mg/d), two on escitalopram (average dose=30 mg/d), two on citalopram (average
dose=60 mg/d), one on fluvoxamine (average dose=300mg/d), and two on sertraline
(average dose=225 mg/d). Five patients continued receiving supportive psychotherapy at a
stable frequency during the trial.

2.3. Outcome measures

Patients were evaluated every 2 weeks by raters (HBS, BAF) blind to treatment assignment,
and completed self-rating forms at the end of each week of treatment. The primary efficacy
measures were the Y-BOCS (Goodman et al., 1989a, 1989b), the Y-BOCS-Self-report (Y-
BOCS-SR), a scale very similar to the clinician-administered rating, with excellent internal
consistency and test-retest reliability (Baer et al., 1993; Steketee et al., 1996), and the CGI-
Severity subscale (CGI-S) (Guy, 1976).
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2.4. rTMS methods

rTMS was administered with the biphasic MAGSTIM super-rapid stimulator (Magstim
Company, Ltd., Whitland, UK) using a vacuum cooled 70-mm figure-8 coil (AM).
Stimulation parameters were 1-Hz, 20 min train (1200 pulses/day) at 100% of resting MT
(using the lowest value of right or left hemisphere resting MTs obtained with the biphasic
stimulator), once a day, 5 days a week, for 4 weeks, hence well within safety margins (Rossi
et al., 2009a, 2009b). The coil was positioned over pre-SMA, targeted using the
International 10-20 EEG System and defined at 15% of the distance between inion and
nasion anterior to Cz (vertex) on the sagittal midline. The coil was placed with the handle
along the sagittal midline, pointing towards the occiput to stimulate bilaterally and
simultaneously the pre-SMA. Once the stimulation site had been determined, it was marked
in the Brainsight™ (Rogue Research, Montreal, Canada) neuronavigation computer
program, in order to monitor online during each session the optimal positioning of the coil,
hence reducing the variability of the induced electric currents within the brain (Cincotta et
al., 2010).

2.5. Masking and protection of the blind

Sham rTMS was administered using the Magstim Sham coil which contains a mu-metal
shield that diverts the majority of the magnetic flux such that a minimal (less than 3%)
magnetic field is delivered to the cortex. This coil looks and sounds like an active coil,
however it does not feel exactly like active rTMS, which generates a stronger tapping
sensation on the scalp. In order to maintain the blind, we kept the raters blinded to treatment
condition and created a separation between the clinical team (HBS, BF), neurophysiology
data analyst (BDB), and rTMS treating physician (AM). Specifically, the rTMS treating
physician did not know if rTMS was set to active or sham; in fact, after resting MT
determination, the TMS lab managers (TS, TN), who were not involved in rTMS treatment
sessions, set up the active or sham coil while the rTMS treating physician was not in the
laboratory. We also excluded patients who received TMS before.

2.6. Motor cortex excitability measures

The primary measures of motor cortex excitability in both hemispheres were resting motor
threshold (RMT), active motor threshold (AMT), cortical silent period (CSP) and paired-
pulse (PP) short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF).
RMT was collected at baseline and every week prior to the rTMS session. The other
measures were collected at baseline and every 2 weeks immediately after the end of rTMS.
The experimental design is shown in details in a flow chart (Fig. 1), and each measure is
described briefly in the following paragraphs. The acquisition and analysis of
neurophysiology measures are described in detail in the Supplementary Material.

2.6.1. Resting motor threshold—The RMT, a marker of ion channel function
(Ziemann et al., 1996a), was defined as the minimum magnetic flux needed to elicit a
threshold EMG response (greater than 50 pV in peak to peak amplitude) in a resting target
muscle (Abductor Pollicis Brevis-APB) with 50% probability using single-pulse TMS
administered to the contralateral primary motor cortex (Rossini et al., 1994). The position
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for stimulating the APB was defined as the area eliciting the maximal Motor Evoked
Potential (MEP), with the coil rotated 45° from the sagittal plane. This optimal spot was
targeted by systematically moving the coil in 0.5 cm steps across the scalp until the site
corresponding with the largest muscle movement and MEP response was found. Once the
optimal stimulation site had been determined, and it was marked in the Brainsight™
neuronavigation computer program, all stimuli were administered and monitored for that
site. The same optimal spot on each hemisphere was used to conduct RMT, AMT, CSP and
PP measures. RMT was repeated weekly on both right and left hemisphere, and the lowest
RMT was used to adjust rTMS intensity.

2.6.2. Active motor threshold and cortical silent period—For AMT and CSP, the
target hand muscle maintained light contraction, defined as 10% of the maximum
contraction (strain gauge) while single magnetic pulses were administered to the
contralateral primary motor cortex (Brasil-Neto et al., 1995). AMT, another measure of ion
channel function (Ziemann et al., 1996a), was defined as the minimum magnetic flux needed
to elicit a threshold EMG response (200 UV in peak to peak amplitude) in a contracted target
muscle (APB) in five out of 10 trials. CSP, a marker of GABA(B)-ergic function (Siebner et
al., 1998), was defined as the brief period of EMG silence following the motor evoked
potential until the first reoccurrence of spontaneous EMG activity (Brasil-Neto et al., 1995).
It was measured in milliseconds and obtained by applying randomly 10 trials each of single
pulses at 110%, 130%, and 150% of the AMT.

2.6.3. Short-interval intracortical inhibition and intracortical facilitation—The
results of the paired-pulse stimulation were used to generate measures of SICI and ICF.
Suprathreshold (110% of the RMT) single magnetic pulses (or “test pulses™) applied to the
primary motor cortex were preceded at randomly varying intervals (1, 3, 6, 8, 10 and 12 ms)
by weaker subthreshold (80% of the RMT) single magnetic pulses (or “conditioning
pulses”), with intervals selected based upon published literature (Kujirai et al., 1993). The
intensities of the conditioning and test pulses were adjusted based on the individual RMT.
The paired-pulse experiment was divided into three blocks of 40 trials. Each block contained
30 trials with paired stimuli and 10 trials with the test stimulus alone. The 30 paired stimuli
in each block consisted of 5 repeats of each of six interstimulus intervals presented in a
pseudorandomized and counterbalanced order. The effect of conditioning stimuli on MEP
amplitude at each interstimulus interval (1SI) was determined as the ratio of the average
amplitude of the conditioned MEP to the average amplitude of the unconditioned test MEP
for each 10-trial block. The degree to which the motor response to the test pulse is inhibited
or facilitated by the preceding pulse, respectively yields an index of short-interval
intracortical inhibition (SICI), a marker of GABA(A)-ergic function (Ziemann et al., 1996b)
and intracortical facilitation (ICF), a marker of glutamatergic function (Ziemann et al.,
1998), since in recent pharmacological studies blockade of NMDA receptors reduces ICF
(Schwenkreis et al., 2000; Reis et al., 2006).

2.7. Statistical methodology

Statistical analyses were performed using SPSS library, 18.0 version. Chi-Square and
Student t-test were applied to compare demographic and baseline clinical measures (Y-
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BOCS, Y-BOCS-SR, HDRS-24, CGI-S) between the active and sham groups. Student t-test
was also applied to compare baseline neurophysiologic data (RMT, AMT, CSP, paired-pulse
measures of SICI and ICF) between the active and sham groups. Repeated-measures
analysis of variance (ANOVA) were applied to evaluate group and time-dependent effects of
rTMS on psychometric scale mean scores. Baseline HDRS-24 was used as covariate in the
ANOVA (ANCOVA) to examine the effect of depression on OCD symptom change. The
same statistical approach (ANOVA) was used to test whether rTMS affects measures of
motor cortex excitability after 2 and 4 weeks of treatment; the between subjects variables
included the type of treatment (active rTMS and sham), the within subject variables were the
side (left and right hemispheres motor thresholds-MTs) and in cortical silent period the
additional effect of TMS intensity (110%, 130%, and 150% of AMT) while in paired-pulse
measures the additional effect of ISI (1, 3, 6, 8, 10 and 12 ms). Baseline hemispheric
asymmetry, defined as the difference between left and right hemispheres RMT and SICI at 3
ms of ISI, was used as covariate (ANCOVA) to examine whether the time by group
interactions in right hemisphere RMT and SICI at 3 ms of ISI were still significant.
Correlations were applied separately in the active and sham groups to examine the
relationship between changes in OCD and CGI-S with changes in motor cortex excitability.
All tests were conducted with two-sided significance levels (a=0.05) without corrections for
multiple comparisons, due to the small sample size and to the exploratory nature of the
study.

3. Results

3.1. Clinical outcome

Detailed clinical measures at baseline, after 2, and 4 weeks of active or sham rTMS in 18
completers are presented elsewhere (Mantovani et al., 2010). In summary, active and sham
groups did not differ significantly in demographics or baseline clinical ratings. After 4
weeks of treatment, clinical response rate, defined as Y-BOCS reduction = 25% (Simpson et
al., 2006), in 18 patients was 67% (6 out of 9) with active and 22% (2 out of 9) with sham
rTMS (Fig. 2). Repeated-measures ANOVA revealed a significant time by group interactions
on Y-BOCS-SR (F=2.8, d.f.=4, p=0.031) and CGI-S (F=3.4, d.f.=2, p=0.044) (Table 2).
Time by group interaction on the Y-BOCS-SR remained significant after controlling for
baseline HDRS-24 (F=2.6, d.f.=4, p=0.043). On average, the active group showed a 25%
reduction in Y-BOCS at 4 weeks, while the sham group showed a 12% reduction. On the Y-
BOCS-SR, the active group showed a 30% reduction at 4 weeks, while the sham group
showed an 8% reduction.

3.2. Motor thresholds (MTs)

As reported previously (Mantovani et al., 2010), baseline RMT in the right hemisphere was
lower in patients randomized to active rTMS (RMT=42.5+6.4) than sham (RMT=52.6+9.7)
(&=-2.5, d.f.=2.16, p=0.02). We found a significant time by group interaction in right
hemisphere RMT (/=4.5, d.f.=2.15, p=0.018), even when baseline RMT hemispheric
asymmetry, defined as the difference between left and right hemispheres RMT, was used as
covariate (/=3.1, d.f.=2.14, p=0.047). No significant time by group interaction was found in
left hemisphere RMT.
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Repeated measures ANOVA applied separately in each group showed that right hemisphere
RMT increased with time in the active group (/=3, d.f.=4.5, p=0.032), and did not change
significantly in the sham group although it numerically decreased after 4 weeks. The
hemispheric asymmetry in RMT was greater at baseline in those patients assigned to the
active rather than sham group (£&-2.4, d.f.=16, £=0.029), and this hemispheric difference
was no longer evident after 4 weeks of active rTMS (Fig. 3).

Baseline AMT in the right hemisphere was numerically lower, but not statistically
significant, in patients randomized to active rTMS (AMT=35.5+6.2) than sham
(AMT=40.2+8.3). We found no significant time by group interaction in either right or left
hemisphere AMTSs.

3.3. Cortical silent period (CSP)

Baseline CSP measured at 110%, 130%, and 150% of AMT in the left and right hemispheres
did not significantly differ between the active and sham groups. Repeated-measures ANOVA
did not reveal a significant time by group interaction in CSP at the three different intensities
specified above in either the right or the left hemispheres.

3.4. Short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF)

Baseline SICI and ICF in the left and right hemispheres did not significantly differ between
the active and sham groups. However, repeated-measures ANOVA revealed a significant
time by group interaction in SICI at 3 ms of interstimulus interval on the right hemisphere.
Active, but not sham, rTMS significantly increased right hemisphere SICI (F=5.3, d.f.=2.14,
p=0.019) after 4 weeks as shown by the reduction of the ratio between the average amplitude
of the conditioned MEP and the average amplitude produced by the test pulse alone when
the PP interstimulus interval was 3 ms (Fig. 4). The same pattern was seen when
hemispheric asymmetry, defined as the difference between left and right SICI with paired-
pulse interstimulus interval of 3 ms, was used as covariate (/=21.6, d.f.=2.13, p=0.000). We
did not find a significant time by group interaction in SICI at 1 ms of interstimulus interval
in either the right or the left hemispheres. No significant time by group interaction was
found for the remaining paired-pulse interstimulus intervals, including in ICF.

3.5. Relationship between clinical outcomes and neurophysiology measures

Because of the small sample we applied Spearman's correlations, considered more
conservative and appropriate in order to decrease chance for type | error. Y-BOCS-SR and
CGI-S, which significantly differentiated the active from the sham group after 4 weeks of
rTMS, were correlated with neurophysiology measures. In the active group the increase in
right hemisphere RMT after 4 weeks of rTMS was correlated with Y-BOCS-SR total score
at baseline and at week 4 (~R=0.8, p=0.009; R=0.7, p=0.047, respectively). Right hemisphere
RMT at week 4 correlated with baseline Y-BOCS-SR total score (/”=0.7, p=0.026).

Baseline hemispheric asymmetry in RMT and normalization of RMT asymmetry from
baseline to week 4 after active rTMS correlated with Y-BOCS-SR improvement (#=0.7,
p=0.025 and R=0.7, p=0.032, respectively) and with the decrease in CGI-S as well (R=-0.7,
p=0.034 and R=-0.8, 0=0.008, respectively).
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Both baseline hemispheric asymmetry in RMT and its normalization after 4 weeks
correlated with Y-BOCS-SR (R=-0.9, p=0.001 and R=-0.9, p=0.001) at week 4. There was
a correlation between CGI-S at week 4 and normalization of baseline hemispheric
asymmetry in RMT (/”=-0.8, p=0.005).

Finally, in the active group right hemisphere SICI measurements (I1SI of 3 ms) at 4 weeks
correlated with Y-BOCS-SR total score and CGI-S at week 4 (R=0.7, p=0.040 and R=0.7,
p=0.045, respectively) and with normalization of baseline hemispheric asymmetry in RMT
(R=-0.8, p=0.020).

No significant correlations between motor cortex excitability measures and clinical
outcomes were found in the group that received sham.

4. Discussion

Although patients were not randomized based on baseline cortical excitability measures, we
found that active rTMS applied to the SMA in treatment-resistant OCD increased right
hemisphere RMT, thereby normalizing hemispheric asymmetry in RMT, and increased right
SICI. Furthermore, we found that cortical excitability measures correlated with effective
clinical response. Specifically, treatment-induced increases in inhibition in right hemisphere,
as evidenced by increased RMT and increased SICI, were correlated with therapeutic
response. On the contrary, the mild clinical improvement in the sham group was not
associated with significant changes in motor cortex excitability measures and is likely due to
a placebo effect, which may involve other brain regions (Benedetti et al., 2005). This is the
first rTMS clinical trial in OCD to demonstrate that TMS measures of cortical excitability,
recorded before and after active treatment, are correlated with OCD response and clinical
global improvement. These results, although preliminary, might shed light on possible
mechanisms of action of active rTMS involving predominantly right hemispheric inhibitory
action in OCD patients presenting with baseline motor cortex hyper-excitability (Greenberg
et al., 1998; Greenberg et al., 2000).

Our finding of treatment-induced right hemisphere inhibition correlating with clinical
response suggests that the anti-OCD action of bilateral pre-SMA rTMS may be mediated by
predominantly right hemisphere motor circuits. This is in agreement with other studies
which suggest that OCD treatment produces predominantly right-sided changes in cerebral
activity (Saxena et al., 2002; Kang et al., 2003; Rauch et al., 2006). Thus, even though our
intervention was bilateral, a unilateral impact on a physiological measure is consistent with
other studies implicating hemispheric asymmetries in OCD and treatment response.

Our finding of a significant effect on SICI obtained with the 3 ms of interstimulus interval
(1S1) and not the 1 ms ISl is consistent with recent literature reporting that intracortical
inhibition has at least two distinct phases (1 ms and 3-5 ms 1SI) with differing mechanisms
(Hanajima et al., 2003). The 3 ms ISl is thought to be GABAergic in basis (Fisher et al.,
2002; Roshan et al., 2003; Kang et al., 2007). Thus our findings also have implications for
abnormality in inhibitory neurotransmitter levels in OCD. Specifically, rTMS-induced
increase in right hemisphere SICI, a measure of GABA(A)-ergic function, and its
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correlations to clinical outcomes would support an important role for GABA(A) in OCD. In
addition, we did not find a significant effect of rTMS on CSP, a measure of GABA(B)-ergic
function; therefore, it might be possible that the rTMS applied in this study affected
GABA(A)-ergic rather than GABA(B)-ergic functions.

In line with the hypothesis of a GABAergic dysfunction in OCD, Simpson et al. (2012)
found decreased GABA signals in the medial prefrontal cortex of patients versus controls,
and another study showed a significant increase in GABA signals in SMA after 4 weeks of
MRI-guided rTMS, which resulted in significant clinical improvements in treatement-
resistant OCD (Mantovani et al., 2011).

Our finding that 1-Hz rTMS to pre-SMA increased inhibition in primary motor cortex, as
measured by RMT and SICl, is in line with Baumer et al. (2009) who reported using TMS a
direct functional connection from pre-motor ventral cortex to the ipsilateral primary motor
cortex in healthy subjects. We hypothesize that inhibiting pre-SMA may alleviate OCD
symptoms by modulating hyperactivity in the CTSC circuitry. In support of this hypothesis,
tract-tracing studies in non-human primates demonstrate anatomical connections between
SMA and ACC (Hatanaka et al., 2003); resting-state fMRI in both OCD patients and healthy
controls demonstrate functional connectivity between the pre-SMA and the caudate and
putamen (Harrison et al., 2009). Therefore, the clinical efficacy of pre-SMA rTMS in OCD
might be explained by a trans-synaptic effect to the primary motor cortex, as we
demonstrated, as well as to deeper regions of the CSTC circuitry implicated in OCD (Saxena
and Rauch, 2000; Menzies et al., 2008). The trans-synaptic effect of premotor cortex rTMS
has been demonstrated by evoked positive BOLD MRI responses in connected brain regions
such as ACC and caudate nucleus (Bestmann et al., 2005).

Limitations of the study are the relatively small sample size and the fact that the groups were
not randomized based on baseline RMT measures, considering that there was a difference
between them at baseline; however, the effects of active rTMS on some of these measures
(i.e. right hemisphere RMT) remained significant after adjusting for baseline differences.
Neverthless, it is possible that the significant effect of active rTMS on the right hemisphere
RMT may be due to regression to the mean, as in the active and sham groups the right
hemisphere RMTs moved in opposite directions across 4 weeks. In the next clinical trial
subjects will be stratified according to the baseline RMT.

We also note that 12 patients (/=6 active rTMS; =6 sham) were receiving concomitant
SSRIs. Both acute and chronic administration of SSRI medications have been associated
with changes in motor cortex excitability (Gerdelat-Mas et al., 2005; Loubinoux et al.,
2005). However, given that each group had the same number of patients on SSRIs, held
stable for 3 months prior and throughout the trial, it is unlikely that changes in motor cortex
excitability were due to an SSRI effect. Furthermore, the medicated and unmedicated groups
did not differ in baseline excitability measures, or in therapeutic outcome on OCD
symptoms (Mantovani et al., 2010).

Another limitation of the study concerns the rTMS intensity, set up at resting motor
threshold, which could explain why no significant change in AMT and CSP was found after
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treatement. This suggests that our rTMS paradigm induces a change in brain excitability at
rest (i.e. RMT and SICI) that is lost during voluntary activation (i.e. APB contraction during
AMT and CSP measurements). In other words, it is possible that in the active state cortico-
spinal excitability is significantly increased rendering our rTMS induced effects more
difficult to detect. These effects would be expected to become more apparent at rest. Our
results provide support for this view as active rTMS did not affect AMT and CSP but clearly
increased RMT and SICI. Finally, the sample size was too small to permit meaningful
comparison of OCD subgroups or symptom clusters.

Although the study presents limitations, and the neurophysiologic results found in the first
randomized sham-controlled trial of SMA stimulation in the treatment of OCD should be
considered exploratory, they are informative and support further investigation into the
potential mechanism of action of therapeutic applications of rTMS in this disabling
condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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l Baseline Assessment (N=18) ‘

| RMT,AMT,CSP,[CI,ICF |

| 2weeks active rTMS (N=9) }—‘—{ 2 weeks sham rTMS (N=9) |
\—1 RMT, AMT, CSP, ICI, ICF }—‘

[ 2 weeks active rTMS (N=9) ’—|—| 2 weeks sham rTMS (N=9) |
\—{ RMT, AMT, CSP, ICI, ICF }—‘

RMT= Resting Motor Threshold

AMT= Active Motor Threshold

CSP= Cortical Silent Period

ICI= Intracortical Inhibition

ICF= Intracortical Facilitation

RMT was measured every week, while all the other measures (AMT, CSP, ICI, ICF) were
collected every 2 weeks.

Fig. 1.
Experimental design.
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Fig. 2.

Active rTMS Sham rTMS

Clinical response rate after 4 weeks of active rTMS and sham*.
*Clinical response rate was defined as Y-BOCS reduction = 25%.
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Resting motor thresholds (RMTSs) across 4 weeks of active rTMS.
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Right hemisphere short-interval intracortical inhibition (SICI) at ISI of 3 ms across 4 weeks

of active rTMS or sham.
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