A Randomized Clinical Trial of Repetitive
Transcranial Magnetic Stimulation in

Patients with Refractory Epilepsy

Felipe Fregni, MD, PhD,' Patricia T.M. Otachi,? Angela do Valle, PhD,? Paulo S. Boggio, MSc,>?
Gregor Thut, PhD,*> Sergio P. Rigonatti, MD, PhD,? Alvaro Pascual-Leone, MD, PhD,"
and Kette D. Valente, MD, PhD 2

Objective: To study the antiepileptic effects of rTMS in patients with refractory epilepsy and malformations of cortical devel-
opment in a randomized, double-blind, sham-controlled trial.

Methods: Twenty-one patients with malformations of cortical development and refractory epilepsy underwent five consecutive
sessions of low-frequency rTMS, either sham or active (1Hz, 1,200 pulses), focally targeting the malformations of cortical
development. The number of epileptiform discharges in the electroencephalogram and the number of clinical seizures were
measured before (baseline), immediately after, as well as 30 and 60 days after rTMS treatment.

Results: rTMS significantly decreased the number of seizures in the active compared with sham rTMS group (p < 0.0001), and
this effect lasted for at least 2 months. Furthermore, there was a significant decrease in the number of epileptiform discharges
immediately after (p = 0.01) and at week 4 (p = 0.03) in the active rTMS group only. There were few mild adverse effects
equally distributed in both groups. The preliminary cognitive evaluation suggests improvement in some aspects of cognition in
the active rTMS group only.

Interpretation: Noninvasive brain stimulation for epilepsy may be an alternative treatment for pharmaco-resistant patients with

clearly identifiable seizure foci in the cortical convexity and who are not eligible for surgical treatment.
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A growing body of evidence suggests that electrical
stimulation of the brain may be a powerful therapy to
reduce seizure frequency (see Goodman’s review').
Therefore, the investigation of noninvasive forms of
brain stimulation for epilepsy is appealing. Indeed, sev-
eral open-label studies have suggested that repetitive
transcranial magnetic stimulation (rTMS) has a signif-
icant antiepileptic effect.””® However, a randomized,
double-blind, sham-controlled study showed only a
trend toward a short-term decrease in seizures in the
group of patients who received active rTMS, though
the effect was more marked in patients with neocortical
foci.” It appears clear that the available evidence is in-
sufficient to reach firm conclusions on the antiepileptic
potential of rTMS, and that more studies are needed.

rTMS in patients with malformations of cortical de-
velopment (MCD) may be particularly effective because:
(1) the epileptic focus can be more accurately localized
due to the anatomically identifiable malformation; (2)
the focus is in the cortical convexity; thus, it can be re-

liably reached by rTMS; and (3) epileptogenesis in these
patients might be the result of an imbalance between
excitatory and inhibitory neurons® or associated with the
mechanism of long-term potentiation.” Because of its
hypothesized mechanism of action with enhancement of
GABAergic activity'® and a decrease in the synaptic
transmission (long-term depression—like mechanism),"’
low-frequency rTMS might be ideally suited to the un-
derlying pathophysiology. Therefore, in this study, we
sought to evaluate whether the findings of our prelimi-
nary open-label study” that suggested antiepileptic effi-
cacy could be replicated in a proper randomized,
double-blind, sham-controlled study.

Patients and Methods

Patients

Twenty-one patients (mean age, 21.9 * 8.1 years; 12 female
patients) participated in this study. Patients were prospec-
tively and sequentially selected from a specialized epilepsy
clinic (Clinics Hospital, University of Sao Paulo, Sao Paulo,
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Table 1. Demographic and Clinical Characteristics at Baseline

ACTIVE RTMS  SHAM RTMS
Mean (SD)/n Mean (SD)/n p-value*

Number 12 9
Age — mean (SD) 21.3 (6.4) 22.7 (10.3) ns
Seizure frequency/28 days (baseline) — mean (SD) 13.6 (10.1) 11.4 (14.8) ns
Concomitant AEDs (number of patients) 0 0 0 ns

1 2 0

2 6 7

3 4 2
Lesions (cortical dysplasias) Polymicrogyria 6 5 ns

Heterotopia 2 2

Other dysplasias 4 2

*student t-test for the continuous variables and Fisher exact’s test for the categorical variables (ns — not significant).

rTMS — repetitive transcranial magnetic stimulation; SD — standard deviation.

Brazil) if they fulfilled the following criteria: (1) diagnosis of
MCD based on magnetic resonance imaging (MRI) of the
brain; (2) refractory epilepsy as defined by the occurrence of
an average of at least one seizure per month during the pre-
ceding year, despite the use of two or more antiepileptic
drugs (AEDs) in adequate doses; (3) nonsurgical candidacy
defined by surgical contraindications (ie, more than one
MCD lesion) or patient’s decision not to pursue surgical treat-
meng; and (4) compliance with AED treatment for the pre-
ceding year (defined as repeatedly documented adequate AED
plasma levels). All these patients were observed by a senior
clinical epileptologist (K.D.V) for several years, and each pa-
tient’s epilepsy was extensively investigated and characterized.

All patients continued their antiepileptic medications as
prescribed by their treating physician and medication
changes were not allowed, unless there was a strong clinical
reason. This was necessary in only one patient; however, this
did not confound our results because this patient was in the
sham rTMS group and there was no change in his seizure
frequency or epileptiform discharges (EDs) despite the med-
ication change. The general clinical characteristics of the pa-
tients are summarized in Table 1.

The study was performed in accordance with the Decla-
ration of Helsinki (1964). Written informed consent was ob-
tained from all participants before inclusion in the study,
which was approved by the local ethics committee of the
University of Sao Paulo.

Experimental Design

This study was a randomized, double-blind, sham-controlled,
parallel-design clinical trial that consisted of three main
phases: (1) baseline evaluation that consisted in a 4-week pe-
riod of seizure observation to establish a baseline for seizure
frequency; (2) 5-day double-blind treatment that consisted in
daily treatment sessions with sham or active rTMS for 5 con-
secutive days; and (3) a follow-up period of 2 months. Pa-
tients and the investigators, except the investigator who ap-
plied rTMS, were blinded to the treatment arm.

During the baseline period, patients were randomized in a
3:4 ratio to receive sham (3 in each 7 patients) or active (4 in
each 7 patients) rTMS. We chose this randomization strategy
(3:4) to increase the sample size of the active treatment. This
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strategy of randomization is advocated in small sample size
phase II trials that do not have adequate information on the
efficacy of a new treatment (see Peto’s article'?). The disad-
vantage of this strategy is that it decreases the power of the
study (because less information from the sham group is pro-
vided). However, we accounted for this decrease of power
(that is minimal with the 3:4 ratio) in our sample size cal-
culation.

Randomization was performed using the order of entrance
in the study and a randomization table previously generated
by a computer using randomization blocks of seven (for each
seven patients, three were randomized to sham and four to
active rTMS) to minimize the risk for unbalanced group sizes.

To determine the sample size, we assumed a mean reduc-
tion in seizures of at least 50% in the active group. We chose
this effect size from our preliminary data® and because our
aim was to assess whether rTMS may have a truly clinically
meaningful impact. In the sham rTMS group, we assumed
mean reduction of seizure frequency of 15%. This was based
on the placebo effect reported in Theodore’s study.” Consid-
ering a power of 95% (this represents a power of 92.5%
considering an unequal randomization; see Pocock’s article'?)
and a critical & = 0.05% (double-sided), 16 patients (8 in
each group) are needed to detect group differences. To ac-
count for dropouts and an increased variability of our sam-
ple, we increased the sample size to 21 patients.

Transcranial Magnetic Stimulation
The stimulation site was determined according to the 10-20
International electroencephalogram (EEG) electrode system
and the site of the lesion. The epileptogenic focus was tar-
geted in patients with focal ED and Cz (vertex) in patients
with multifocal or diffuse abnormalities in the EEG or mul-
tiple lesions in the MRI. Only 4 patients had diffuse abnor-
malities, as documented by the EEG, and received rTMS
over Cz (3 in the active and 1 in the sham rTMS group); the
remainder of the patients (17 patients) had a focal epilepto-
genic focus as defined by EEG results. The epileptogenic fo-
cus was defined by a clinical epileptologist (K.D.V.) based on
the EEG and MRI findings.

rTMS (1Hz, 70% of maximum stimulator output inten-
sity, 20 minutes) was performed using a commercially avail-



able figure-of-eight coil (outside diameter of each wing, 7cm)
and a Dantec stimulator (Medtronic, Minneapolis, MN).
We chose a fixed TMS intensity because the threshold for
stimulation in nonmotor areas may vary and may not be cor-
related to the motor threshold.'® Therefore, using this stim-
ulation intensity, the likelihood of delivering suprathreshold
stimulation is greater than the stimulation based on the mo-
tor threshold. In addition, in our previous study,” we used
fixed stimulation intensity and obtained positive results. We
decided to use stimulation frequency of 1Hz because low-
frequency rTMS (=1 Hz) can decrease the excitability of the
targeted cortical regions.'"”'>'¢ Patients received five consec-
utive sessions of rTMS from Monday to Friday applied in
the morning (8 to 10 AM). For the sham stimulation, we
used the same stimulation parameters; however, a specially
designed sham coil (Medtronic), which produces the same
sound artifact and has a similar appearance, was used.

Clinical Outcome (Seizure Frequency)

Patients and their relatives were asked to maintain a diary of
seizures, and thus record all the seizures. They were in-
structed to write detailed descriptions of each event, and in
addition, we reinforced the necessity of an accurate recording
in each patient visit and also by phone calls performed by a
research assistant (P.O.). This calendar was started in the
month before the treatment to have a reliable count of sei-
zures in the baseline period, and it was maintained during
the follow-up period (2 months after the rTMS treatment).

Using these calendars, an epileptologist blinded to the
study group assignment reviewed each event with the pa-
tients and classified the event as a seizure or nonepileptic
spell. This is particularly important because relatives tend to
overestimate the number of seizures. If there was an uncer-
tainty regarding a given event, this epileptologist could con-
sult another clinician from the same clinical team. Indeed, in
one of the patients, it was determined that most of her clin-
ical seizures were nonepileptic spells.

Using this information, we counted the number of sei-
zures for two different periods (baseline is the month before
rTMS treatment; posttreatment is weeks 2, 4, and 8). Pa-
tients were asked to report any abnormal sensation, such as
those typically experienced during auras or complex partial
seizures during and immediately after the stimulation. Pa-
tients were observed by a trained neurologist during the
stimulation and for 3 hours after treatment. Any abnormal
behavior suggesting epilepsy was recorded.

Patients were told that rTMS could potentially improve
their epilepsy based on preliminary reports in the literature.
However, in the informed consent process, they were also
warned about the possibility that the seizures could actually
increase after rTMS application.

Electroencephalogram Analysis: Epileptiform

Discharges (Secondary Ourcome)

All patients underwent 18-channel EEG recordings before,
immediately after the end of the 5-day rTMS treatment, as
well as 30 and 60 days after rTMS treatment. Patients were
kept awake during this procedure to control for the effects of
sleep on ED frequency. The total duration of each EEG was
20 minutes. Initally, each EEG recording was inspected vi-

sually and all segments containing eye movements or muscle
activity were rejected. Thereafter, we counted the number of
EDs for the total duration of the artifact-free EEG. The
EEG analysis was performed by a clinical epileptologist
(K.D.V.) who was blinded about the timing of the EEG rel-
ative to rTMS and to treatment arm (active or placebo).
The EEG was also used to measure the safety of this treat-
ment. Therefore, EEG recordings were also analyzed regard-
ing the occurrence of after-discharges immediately after the
stimulation, ictal activity, and changes in the pattern of in-
terictal discharges compared with the baseline period.

Cognitive Assessment (Secondary Outcome)

As the other secondary outcome measure, we assessed the
cognitive effects of this therapy for two reasons: (1) to obtain
preliminary data on one safety aspect of this treatment in
patients with MCD, and (2) to follow up the findings of our
pilot study,” where several relatives spontaneously reported a
cognitive improvement after rTMS treatment. However, it
needs to be underscored that the cognitive assessment was
not a primary aim of this study, and thus was assessed in a
preliminary way. We evaluated cognitive changes using a
subjective scale and objective tests.

In the subjective scale, we asked the following questions to
the patient or their parents: (1) How would you rate the
change in ability to interact socially with relatives after the
treatment? (2) How would you rate the change in overall
energy after the treatment? The answers could be markedly
worse (—3), moderately worse (—2), slightly worse (—1), no
change (0), slightly better (1), moderately better (2), and
markedly better (3). This evaluation was performed after the
treatment and at weeks 4 and 8.

For the objective cognitive assessment (performed before,
after, and at week 8), the following tests were used:

Digit span forward and backward: These two tests are rela-
tively simple to apply and provide valuable information
about attention, information storage, working memory,
mental double-tracking, and reversing operations.

Simple reaction time: We used a simple reaction time task in
which patients were seated in front of a computer screen
placed at eye level. A circle of 4cm in diameter was pre-
sented in the center of the screen after a warning sign (a
small cross in the center of the screen) after a randomly
variable interval of 2 to 5 seconds. The patients were
asked to push a response key as soon as they saw the
circle on the screen using the right index finger (and
then repeated with the left finger), which was rested on
the response key. The time between the appearance of
the circle and the key press was defined as simple reac-
tion time. The experiment consisted of blocks of 30 tri-
als. Patients were allowed to practice for 60 trials before
the test to familiarize themselves with the procedure.
The stimuli were generated and response times recorded
using Superlab pro v2.0 software (Cedrus Corporation,
San Pedro, CA).

Stroop test: This test allows evaluation of selective attention
and interference susceptibility. It measures cognitive do-
mains that involve focused attention, response inhibi-
tion, and decision-making, and thus provides a measure
of executive (frontal) function.

Fregni et al: rTMS Treatment in Epilepsy 449



Table 2. Characteristics of Antiepileptic Drug Use

ACTIVE RTMS SHAM RTMS
N Mean Dosage mg -(SD) N Mean Dosage mg -(SD) p-valuett
Lamotrigine 3 233 (243) 3 167 (57.7) ns
Carbamazepine 9 1156 (517) 5 980 (593) ns
Benzodiazepinet 9 1.83 (1.03) 5 1.2 (0.57) ns
Phenobarbital 1 200 2 125 (35.4) ns
Topamax 2 300 (141) 0 — ns
Phenitoin 0 — 1 300 ns
Valproate 5 1425 (391) 4 1188 (688) ns

t-benzodiazepine equivalents (Ashton, H. Benzodiazepine Abuse, Drugs and Dependence, Harwood Academic Publishers (2002), 197-212,

Routledge, London & New York)
1 - Fisher’s test (ns — not significant)

N — number of patients; rTMS — repetitive transcranial magnetic stimulation; SD — standard deviation

Data Analysis

Analyses were done with STATA statistical software (version
8.0; STATA, Cary, NC). Data input was performed by a
blinded researcher (K.D.V.). The primary outcome of this
study was seizure frequency. We initially performed a 2 X 4
analysis of variance (ANOVA) with the factors Group (active
vs sham rTMS) and Time (baseline vs posttreatment vs week
4 vs week 8) with repeated measures on time. If appropriate,
post hoc comparisons, corrected for multiple comparisons
using Bonferroni correction, were performed. For each of the
secondary outcomes (EDs and cognitive performance), a sim-
ilar statistical analysis was performed.

We also evaluated whether any clinical or demographic
variable was related to clinical outcome. For this analysis, we
tested the variable seizure frequency against the clinical and
demographic variables baseline seizure frequency, baseline
number of EDs, social interaction, age, type of lesion, and
stimulation site. This analysis was performed in an explor-
atory way (without correction for multiple comparisons) us-
ing Pearson’s correlation coefficient for the continuous vari-
ables (eg, age) and one-way ANOVA for categorical variables
(eg, type of lesion).

Finally, to analyze whether AED confounded our results,
we performed correlation tests (using Person’s correlation co-
efficient) between seizure frequency reduction (%) and AED
dosage, and ¢ tests between patients using and patients not
using certain AEDs such as lamotrigine and topiramate. Data
are reported as mean and standard deviation. Statistical sig-
nificance refers to a two-tailed p value less than 0.05.

Results

Patients were randomized (in the proportion 3:4; see
Patients and Methods) to receive either sham (n = 9)
or active rTMS (n = 12). There were no significant
baseline differences (demographic and clinical charac-
teristics) between these two groups (see Table 1).

All patients completed the entire protocol, and only
one patient (in the active group) missed one rTMS ses-
sion due to a sinus infection that prevented him from
coming to the hospital. No patients were lost to follow-
up. Patients tolerated the rTMS treatment well. There
were few adverse effects. Three patents (25%) in the

450 Annals of Neurology Vol 60 No 4 October 2006

active and two patients (22%) in the sham rTMS group
complained of mild headache after -TMS treatment. In
addition, one patient (11%) in the sham rTMS group
complained of difficulty sleeping after the rTMS treat-
ment. Importantly, there was no seizure induction re-
lated to the 5-day treatment of low-frequency rTMS.

AED use remained unchanged during the study (ex-
cept for one patient in the sham group who needed a
medication adjustment after 4 weeks at the end of the
rTMS treatment due to a significant worsening of her
seizure frequency) and is listed in Table 2. There were
no differences in AED use between the active and
sham rTMS groups.

Clinical Outcome: Seizure Reduction

The mean number of seizures was not different between
the active (13.6 = 10.1) and sham rTMS (11.4 * 14.8)
groups at baseline (p = 0.69), but was affected differ-
ently by rTMS across groups (Fig 1). The corresponding
repeated-measures ANOVA with the factors Group (ac-
tive vs sham) and Time (baseline vs week 2 vs week 4 vs
week 8) showed a significant interaction effect (F; 5, =
8.9; p < 0.0001). There was no significant group effect
(Fi1.1090 = 0.91; p = 0.35); however, there was a signif-
icant effect of time (F35,) = 9.6; p < 0.0001). In the
active group, there was a significant reduction in the fre-
quency of seizures after 2 weeks of treatment there was a
significant reduction in the frequency of seizures at week
2 when compared with baseline (reduction of 72%; p =
0.003, post hoc tests corrected for muldple compari-
sons). This effect continued at weeks 4 (reduction of
53%; p = 0.002) and 8 of follow-up (reduction of 58%;
p = 0.001). Although the absolute values of seizure fre-
quency reduction suggest a possible decrease of the ther-
apeutic effects after week 2, there was no significant dif-
ference between weeks 2 and 4 (p = 0.39), weeks 2 and
8 (p = 0.75), and weeks 4 and 8 (p = 0.39) in the
active group. Finally, the post hoc analysis in the sham
group showed no significant change in seizure frequency



—=— Active rTMS —@— Sham rTMS

@ * *

T . !
Baseline Week 2 Week 4 Week 8

Fig 1. Mean number of seizures per week for each treatment
group (active [squares| and sham [circles| stimulation)
throughout the trial. Asterisks denote statistically significant
when compared with baseline. Error bars represent the stan-
dard error of the mean. rTMS = repetitive transcranial mag-
netic stimulation.

when compared with baseline and after 2 (p = 0.99), 4
(p = 0.54), and 8 (p = 0.99) weeks of treatment.

Because three patients in the active group had dif-
fuse or multifocal EDs in the EEG, and therefore re-
ceived stimulation over Cz, we decided to perform a
subanalysis excluding these patients. This analysis dem-
onstrated similar results: a significant interaction term
group X treatment (F3 45 = 6.6; p = 0.0009) and
significant differences between posttreatment and base-
line in the active group (T2 vs TO: p = 0.006; T4 vs
TO: p = 0.009; T8 vs T0: p = 0.004; mean number of
seizures per week for each period: baseline, 14.1 = 11.1;
T2, 3.6 = 4.3; T4, 7.4 * 6.6; and T8, 6.3 = 7.7).

Three patients (25%) in the active rTMS group and
none in the sham rTMS group were seizure-free in the
initial 2 weeks of evaluation. However, no patient in
either treatment group was free of seizures in the eval-
uations at weeks 4 and 8. There were 10 responders
(reduction of 50% or more in seizure frequency) in the
active group and zero in the sham rTMS group (p =
0.001, x? test).

Electroencephalogram Analysis: Epileptiform

Discharges (Secondary Outcome)

In analogy to the frequency of scizures, there was no
significant difference in the baseline number of EDs be-
tween the active and sham rTMS groups (p = 0.68),
but there was a differential effect of rTMS treatment
(Fig 2). The corresponding ANOVA showed no signif-
icant group effect (F(; ;o) = 0.37; p = 0.55); however, it
did show a significant effect of time (F5 5,y = 3.51; p =
0.021) and a significant two-way interaction (F; s, =
4.52; p = 0.0065). Post hoc tests showed that there was
a significant reduction in the number of EDs in the ac-
tive group, when compared with baseline, immediately
after 5-day rTMS treatment (reduction of 31%; p =
0.0012) that was still present at week 4 (reduction of
16%; p = 0.027), but tended to wash out at week 8 of
follow-up (reduction of 14%; p = 0.09). In the sham

—&— Active rTMS —@— Sham rTMS

*

Pre-rTMS Post-rTMS Week 4 Week 8

Fig 2. Mean number of epileptiform discharges in the electro-
encephalogram for each group of treatment (active [squares]

and sham [circles| stimulation) throughout the trial. Asterisks
denote statistically significant when compared with baseline.

Error bars represent the standard error of the mean. rTMS =
repetitive transcranial magnetic stimulation. Post rTMS repre-
sents the period immediately after the 5-day rTMS treatment.

rTMS group, the number of EDs, compared with base-
line, did not change immediately after treatment (p =

0.63) or at weeks 4 (p = 0.48) or 8 (p = 0.69).

Cognitive Evaluation (Secondary Outcome)

The cognitive evaluation was the other secondary out-
come of this study. The subjective evaluation assessed
social interaction and energy level (Table 3). For social
interactions, ANOVA showed a significant group effect
(F19) = 6.65 p = 0.018), time effect (F535 =
16.64; p < 0.0001), and interaction effect (F; 5, =
9.21; p = 0.0005). Post hoc tests showed that the
comparison between active and sham groups yielded a
significant difference in their evaluation after treatment
(p = 0.0001), a trend toward a significant difference
after week 4 (p = 0.13), and no difference after week
8 (p = 0.74) (see Table 3). The results for energy level
were similar. The ANOVA showed that the two main
effects and the interaction were significant (group:
Fi19) = 6.48; p = 0.020; time: F5 35) = 10.36; p =
0.0003; and group X time: F335 = 4.90; p =
0.013). Post hoc tests showed a difference for energy
levels after treatment in the active rTMS group only
(p = 0.009). This effect was not significant after weeks
4 (p = 0.59) or 8 (p = 0.87).

Two patients (one in the active group and one in the
sham rTMS group) could not perform the simple re-
action time task. A repeated-measures ANOVA includ-
ing all the time points (baseline, after treatment, and
follow-up) did not show any significant effect for
group, time, and interaction group X time—although
there was a trend toward a significant decrease in reac-
tion time in the right hand after active rTMS treat-
ment only (see Table 4 for details). Only 14 patients
were able to complete the Stroop test due to the sever-
ity of cognitive deficits in some patients. The ANOVA
showed that the main effect of group was not signifi-
cant (F, ;) = 0.002; p = 0.96); however, there was a
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Table 3. Subjective Cognitive Evaluation

ACTIVE RTMS SHAM RTMS
Mean (SD) Mean (SD) p-value*
Social Interaction** After treatment 2.33 (0.98) 0.44 (0.73) 0.0005
Week 4 0.83 (1.11) 0.11 (0.93)
Week 8 0.08 (0.90) 0.22 (0.97)
Energy Level** After treatment 1.83 (0.72) 0.44 (0.73) 0.013
Week 4 0.42 (0.90) 0.22 (0.67)
Week 8 0.17 (0.72) 0.11 (0.93)

rTMS — repetitive transcranial magnetic stimulation; SD — standard deviation.

**Subjective scale in which subjects had to answer from -3 to +3 ((-3) markedly worse; (-2) moderately worse; (-1) slightly worse; (0) no
change; (1) slightly better; (2) moderately better; (3) markedly better) in respect to whether they had any changes in these two domains after
treatment with rTMS. *interaction term (time vs. group) from a 2-way ANOVA.

significant time effect (F(, 4 = 6.49; p = 0.0056) and
a significant interaction group X time (F,,, =
10.34; p = 0.0006). Post hoc tests showed that, in the
active group, there was a signiﬁcant performance im-
provement, compared with baseline, after treatment
(p = 0.033) and in the follow-up evaluation (week 8;
p = 0.028) (Table 4).

The digit span forward and backward were tested in
the same 14 patients. The results showed that perfor-
mance in both of these tasks (digit span forward and
digit span backward) did not change significantly in
any of the two groups (active and sham rTMS)
throughout the trial (» > 0.25 for the two main effects
[time and group] and the interaction time X group

effect for both tasks; see Table 4 for details).

Correlations

In an exploratory way, we performed correlations to as-
sess whether clinical and demographic characteristics
were associated with a good outcome. The results
showed that seizure frequency reduction was not signif-
icandy correlated with baseline seizure frequency (r =
—0.0075; p = 0.98), bascline EDs (» = 0.15; p =
0.64), social interaction change (» = 0.30; p = 0.35),
site of epileptogenic foci/stimulation (p = 0.86), or type
of lesion (p = 0.85). There was a trend toward a sig-
nificant correlation between seizure frequency reduction
and age (r = 0.57; p = 0.06), indicating that older pa-
tients had a better clinical response to rTMS.

To rule out that AEDs could have affected our re-
sults, we analyzed whether there was a correlation be-
tween drug use and seizure improvement. The correla-
tion between AED dosage and seizure frequency
change was not significant for any of the tested AEDs,
that is, carbamazepine (»r = 0.23; p = 0.55), benzodi-
azepine (r = 0.12; p = 0.76), and valproate (r =
—0.29; p = 0.63). Note that we performed this test
only for drugs that six or more patients were using.
Similarly, there was no difference in seizure reduction
among patients who were and were not taking lam-

otrigine (p = 0.61) and topiramate (p = 0.13).
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Discussion

This randomized, sham-controlled study showed that
active, but not sham, 5-day low-frequency rTMS sig-
nificantly reduces seizures in patients with MCD and
pharmaco-resistant epilepsy. The beneficial effect of
rTMS as applied appears to last for approximately 2
months. In addition, active rTMS decreases the num-
ber of EDs observed in the EEG. Adverse effects were
mild and similar for both active and sham treatments.
The preliminary cognitive evaluation showed that ac-
tive rTMS does not worsen cognitive function and,
paradoxically, significantly improves Stroop perfor-
mance, the subjective report of social interaction, and
may be associated with reaction time test improvement
in the right hand, possibly due to the cognitive benefit
of reduced seizure activity.

Our study provides meaningful follow-up to Theo-
dore and colleagues’ stucly,7 which concluded that
“TMS may have a weaker effect than reported previ-
ously on seizure frequency,” because the authors found
only a trend toward a beneficial, antiepileptic effect of
rTMS in their recent, carefully designed study. How-
ever, as Theodore and colleagues pointed out, the ef-
fects they observed were stronger in patients with epi-
lepsy of neocortical origin than in those with mesial
temporal foci. Our previous open study” and findings
by others using similarly small study samples®* sup-
port the notion that rTMS effects on epileptic foci are
largely limited to instances where the epileptic dis-
charges arise from the cortical convexity, and thus can
be reached directly and reliably by rTMS. Our results
further confirm this notion and promote several con-
clusions on the antiepileptic effects of rTMS and provi-
sional suggestions for successful treatment parameters.

First, low-frequency rTMS can lead to a suppression
of epileptic activity'” and a resulting reduction in sei-
zure frequency. This is consistent with the notion of
rTMS leading to a suppression of cortical excitability
in the directly targeted cortical region that outlasts the
duration of the rTMS train itself.'®'® Such effects ap-



Table 4. Cognitive Performance Changes (%) from Baseline

ACTIVE RTMS SHAM RTMS
Mean (SD) Mean (SD) p-value*

SRT (right hand) After rTMS treatment 16.2% (24.6) —4.3% (20.4) 0.19
Follow-up 10.8% (26.1) 1.1% (18.8)

SRT (left hand)% After rTMS treatment 9.2% (32.4) —6.1% (24.4) 0.46
Follow-up 9.1% (26.5) —7.8% (30.5)

Stroopt After rTMS treatment 18.4% (11.2) —1.5% (13.3) 0.006
Follow-up 17.1% (10.1) —2.7% (15.2)

Digit span - forwardf+ After rTMS treatment 2.2% (17.2) 0.7% (13.0) 0.85
Follow-up 5.5% (13.6) 7.8% (25.4)

Digit span - backwardft After rTMS treatment 9.7% (15.2) 4.8% (47.8) 0.3
Follow-up 8.3% (29.3) 2.4% (69.7)

The results are shown as performance change (in percentage) from baseline — note that a positive percentage value indicates performance

improvement. Only 14 patients could complete this assessment.

rTMS - repetitive transcranial magnetic stimulation; SD — standard deviation.

*p-value according to a two-way ANOVA (interaction term group*time).

pear mediated by a reduction of cortical excitability,
presumably through an increase in GABAergic activity'°
or, alternatively, a decrease in synaptic strengthening
(long-term depression).""

Second, rTMS is suitable for patient with epilepto-
genic foci located on the cortical convexity, whereas
patients with mesial temporal foci are much less likely
to show a clinical response.” The impact of TMS de-
cays with the square of the distance; thus, direct im-
pact to structures beyond the cortical convexity are
unlikely."” However, beyond its local effects on the
neurons directly underlying the stimulation coil, TMS
also has been shown to have a distant impact along
specific neural networks through connections with the
local target area.’*** For instance, suprathreshold
stimulation of the primary sensory-motor cortex is as-
sociated with an activity change in the supplementary
motor area, dorsal premotor cortex, cingulate motor
area, putamen, and thalamus.”® Such a network rTMS
effect could have been partially responsible for the ef-
fects observed in the few patients with diffuse or mul-
tifocal epileptogenic activity.

Third, precise targeting of the epileptic focus is es-
sential. In our study, all patients had structural abnor-
malities (ie, MCD) that could be identified on MRIs
and were used to guide the placement of the TMS coil.
In contrast, such patients were excluded in Theodore
and colleagues’ study.”

Fourth, patients with MCD may be particularly well
suited for the antiepileptic effects of rTMS. These pa-
tients have dysmorphic neurons, balloon cells, giant
neurons, and immature neurons>> that show intrinsic
epileptogenesis due to an imbalance between excitatory
and inhibitory circuits.® Therefore, the epileptogenic
mechanisms in these patients may be different from
those in patients with no structural abnormality, and
they may respond better to rTMS because the funda-

mental dysfunction is localized to a restricted and easily
identifiable cortical region with suppressed or absent
inhibitory activity. In such a scenario, focal modulation
of the dysfunctional area by slow rTMS may reduce its
activity and reestablish the normal activity of the sur-
rounding healthy cortex. Indeed, these pathophysiolog-
ical characteristics make these patients also good can-
didates for surgical approaches, as shown in a series of
patients with MCD in whom surgery resulted in 84%
of patients becoming seizure-free.”* rTMS treatment
therefore may be investigated as a therapeutic option
when the eloquent cortex is involved and surgical ap-
proaches are not an option.

Fifth, high-intensity rTMS may be needed to
achieve a reliable and sustained antiepileptic effect. It
has been shown that the effects of 1Hz rTMS on cor-
tical excitability are dependent on the stimulus inten-
sity.”> We used a fixed, relatively high rTMS intensity
(70% of the maximal output stimulator). Theodore
and colleagues” applied stimulation at a lower intensity
based on the subject’s motor threshold. Because the
stimulation threshold of nonmotor arecas may differ
from the motor areas (see Robertson and colleagues'*
for review), the stimulation intensity used in Theodore
and colleagues’ study” may not have been sufficient to
induce significant therapeutic effects.

Sixth, in studies on the therapeutic effects of rTMS,
in epilepsy or otherwise, a suitable sham condition is
critical. This is not an easy challenge, and at this point,
a perfect sham is not available. However, patients naive
to rTMS who are randomized to real or sham rTMS
applied using a sham coil, as was the case in our study,
appear to be reliably blinded. In Theodore and col-
leagues’ study,” the motor threshold of all patients was
measured using a real TMS coil properly placed for
stimulation on the patients’ scalp, and for sham treat-
ment, this coil was angled 90 degrees away from the
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scalp. This practice has been applied in many rTMS
studies in the past,*® but could partially unblind some
of the patients, thus effectively breaking the double-
blind design. In our study, patients were naive to
rTMS, and the motor threshold was not assessed be-
cause we used a fixed rTMS intensity. This may ex-
plain the positive placebo effect observed in our study
in contrast with the negative placebo effect in Theo-
dore and colleagues’ study.”

One important question is whether the effectiveness
of rTMS to reduce seizure frequency translates to other
epileptic syndromes. A prediction based on our results
would be largely speculative. There is certainly behav-
ioral and neurophysiological data supporting that
low-frequency rTMS decreases brain activity.''*"°
However, as Theodore and colleagues7 demonstrated,
patients with deep, mesial temporal foci respond less to
cortical stimulation with rTMS. In this respect, one di-
mension that could be investigated is whether proper
targeting of areas that are connected to the seizure fo-
cus, that is, that are part of the same anatomical or
functional network, can lead to seizure reduction even
in patients with deep epileptic foci through antiepilep-
tic effects downstream to stimulation.

Since our previous open study, we showed that
rTMS has a long-lasting effect. One reason for the
long-lasting effect observed in this trial is the number
of rTMS sessions. It has been shown extensively that
consecutive sessions induce long-lasting behavioral ef-
fects. For instance, cumulative long-lasting plastic
changes have been observed when two rTMS sessions
are administered within 24 hours of each other, but
not when they are at least 1 week apart.”® The mech-
anisms that induce this cortical plasticity are not yet
fully elucidated. One possible explanation is that rTMS
modulates synaptic transmission through the modula-
tion of the N-methyl-D-aspartate receptors, similar to
rTMS-induced long-term depression— and long-term
potentiation—like mechanisms observed in the auditory
cortex of rodents.”” Furthermore, studies with centrally
acting drugs also suggest that /N-methyl-D-aspartate
modulation is involved with rTMS effects.”® Another
putative mechanism that has been proposed is the
change of immediate early gene expression.>*?”

The number of rTMS sessions might not be the
only factor associated with the long-lasting effects ob-
served in our study. We believe that the intrinsic epi-
leptogenic characteristics of the zone with cortical dys-
plasia also may have played an important role in
determining the duration of rTMS effects. The dys-
functional innervations from dysplastic cells—which
show an imbalance between GABAergic inhibition and
glutamate-mediated excitation®®*” and can generate
ictal-like epileptiform events,”®>—to the normal sur-
rounding cortex generates hyperexcitability in a large

area as shown in experimental models®>4°; thus, in
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turn, it can inhibit the inhibitory drive from the nor-
mal cortex to the irritative zone. In fact, it has been
shown that prolonged after-discharges occur more fre-
quently in patients with neuronal migration disorders
than in patients with other epileptic disorders.*" There-
fore, a decrease in the local excitability in the area with
cortical dysplasia may result in a decrease of the abnor-
mal excitatory input to the normal, healthy surround-
ing cortex that ultimately results in an increase of the
inhibitory drive to the dysplastic cells. Because rTMS
may disrupt this pathological excitatory network, the
reestablishment of the normal activity is possible. If
this hypothesis is valid, then rTMS modulation in
MCD lesions requires precise spatial targeting and di-
rect reaching of the malformation, and that the rTMS
effects, if induced, might be long-lasting.

One limitation of this study is that, although we fo-
cused on patients with epilepsy due to MCD, the pop-
ulation of patients in this study might be considered
somewhat heterogeneous because it included patients
with focal and diffuse abnormalities. However, there
were only four patients with diffuse or multifocal abnor-
malities in the EEG, and when analyzing the data with-
out these patients, we obtained similar results. Another
potential limitation that should be discussed is the dif-
ference between sham and active rTMS. We used a spe-
cially designed sham stimulaton coil (commercially
available from Medtronic, Minneapolis, MN) that has
the same appearance as the real rTMS coil. This sham
rTMS contains a small copper wire loop inside a plastic
casing and produces a similar sound artifact and a me-
chanical tapping sensation on the subject’s scalp. Sub-
jects and patients naive to TMS are truly blinded by this
sham coil, despite that it does not induce scalp muscle
contractions as may be induced by real rTMS (Center
for Noninvasive Brain Stimulation, unpublished data).
This limits the udility of this sham coil for patients who
have experienced rTMS before, but does not affect
blinding in our population that was naive to rTMS.

In summary, based on our results and previous stud-
ies, we conclude that rTMS has a potential clinical use
in pharmaco-resistant epilepsy patients with MCD or
other patients with epilepsy of neocortical origin in
whom anatomical information can be used to guide
rTMS coil placement, if low-frequency rTMS is applied
at relatively high intensities over repeated sessions. Fur-
ther studies evaluating individual-based rTMS parame-
ters may be necessary to optimize the clinical impact of
this method of brain stimulation. In this context, the use
of ictal and interictal EEG, MRI, and ictal positron
emission tomography to guide and ultimately control
the site, timing, and intensity of rTMS may be beneficial.
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