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Abstract Parkinson’s disease is a movement disorder
whose principal symptoms are tremor, rigidity, bradykinesia
and postural instability. Initially, drugs like rL-dopa or
dopaminergic agonists are able to control these symptoms,
but with the progress of the disease these drugs become less
effective. Previous studies have reported that repetitive
transcranial magnetic stimulation (rTMS) can improve these
motor symptoms. The objective of this study was to inves-
tigate the neural mechanisms through which 25 Hz rTMS
may improve motor symptoms in Parkinson’s disease. In a
double-blind placebo-controlled study, we evaluated the
effects of 25 Hz. rTMS in 10 Parkinson’s disease patients.
Fifteen rTMS sessions were performed over the primary
cortex on both hemispheres (one after the other) during a
12-week period. The patients were studied using functional
magnetic resonance imaging during performance of a simple
tapping and a complex tapping task, 1 week before the
administration of the first 'rTMS session and just after the last
session. rTMS improved bradykinesia, while functional
magnetic resonance imaging showed different cortical pat-
terns in prefrontal cortex when patients performed the
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complex tapping test. Furthermore, the improvement in
bradykinesia is associated with caudate nucleus activity
increases in simple tapping. Finally, we observed a relative
change in functional connectivity between the prefrontal
areas and the supplementary motor area after rTMS. These
results show a potential beneficial effect of repetitive
transcranial magnetic stimulation on bradykinesia in Par-
kinson’s disease which is substantiated by neural changes
observed in functional magnetic resonance imaging.

Keywords Trancranial magnetic stimulation -
Parkinson’s disease - fMRI - Caudate nucleus -
Supplementary motor area

Introduction

Parkinson’s disease (PD) is a movement disorder arising
from the loss of the dopamine (DA) neurons in the sub-
stantia nigra that project to striatum. Its main symptoms are
tremor, rigidity, bradykinesia and postural instability.
These symptoms are thought to arise as a result of the
complex rearrangements occurring in the neuronal circuits
responsible for motor activity which rely on the striatum.
These are (1) hyperactivity of the subthalamic nucleus
(STN) and globus pallidus (GP) [6, 12, 17], and (2) a
change in firing rate and pattern in several of the basal
ganglia nuclei [2, 7, 9, 42].

Initially, drugs such as L-dopa or dopaminergic agonists
can control these symptoms, but as the disease progresses,
their efficacy diminishes [46]. This requires increased
doses which, in turn, can lead to important adverse side
effects [53]. Therefore, new treatment approaches have
been developed, such as chronic deep brain electrical
stimulation (DBS), particularly in the STN and GP [36].
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However, the complexity of the procedure, which requires
the accurate placement of the electrodes in small deep
brain nuclei currently restricts the use of high-frequency
deep brain stimulation to a very limited number of patients
[1, 28]. Moreover, gait and postural disturbances do not
respond to DBS. An alternative target for chronic brain
stimulation is the motor cortex. Indeed, the akinesia and
rigidity in PD have been associated with abnormal motor
cortex firing patterns and synchronization [25], while some
studies have shown a direct involvement of the primary
motor area M1 in the pathological firing patterns of STN
and GP [38]. Finally, a recent study has found that STN-
DBS reduced PD-like oscillations and symptoms through
antidromic cortical activation [11]. Critically, because of
its relatively large size and superficial location, M1 can be
stimulated by less invasive methods, such as transcranial
magnetic stimulation (TMS).

The application of repetitive TMS (rTMS) in PD was
first described by Pascual-Leone and colleagues [47], who
reported that sub-threshold, high-frequency (5 HZ) rTMS
over M1 induced a significant improvement in reaction and
movement times, as well as in the performance on the
grooved pegboard test, in six PD patients. The benefits of
rTMS were later confirmed by others groups [22, 34, 37,
39, 41, 54, 55]. However, other studies have failed to
obtain a positive effect of rTMS in PD. For example,
Ghabra and coworkers [23] failed to reproduce, in 11 PD
patients, the rTMS results obtained by the original group
even though they employed nearly identical methods and
parameters. Negative results also were obtained by Tergau
and colleagues [62] who studied seven patients before and
after exposure to 500 stimuli delivered at four different
frequencies (1-20 Hz) in separate experimental sessions.
Although some of the inconsistencies in the findings among
studies could be due to the specific experimental design
employed [55], these conflicting results generated some
skepticism about the potential therapeutic usefulness of
rTMS. Identifying the neural circuits modulated by rTMS,
beyond those directly affected by the stimulation (i.e., M1),
and how they relate to symptom improvement in PD could
help resolve the inconsistency in the previous studies.

Functional neuroimaging, in particular fMRI, provides
an ideally suited technique to investigate the neural
mechanisms underlying the possible therapeutic effects of
rTMS in PD. Indeed, TMS has been used in conjunction
with neuroimaging techniques such a PET [20, 48, 57, 58]
SPECT [13, 45] and fMRI [3-5] to explore changes in
functional connectivity in various brain networks. These
neuroimaging studies have shown that stimulation of a
single cortical focus can lead to alterations in several dif-
ferent cortical and subcortical regions of a long-range,
distributed network. However, to the best of our knowl-
edge, the combination of fMRI and TMS has not been

specifically employed to study PD. Thus, the objective of
this study was to investigate through fMRI the possible
neural mechanisms by which rTMS may improve motor
symptoms in PD. To do so, we conducted a longitudinal
study in which patients underwent were scanned before and
after a 3-month-long rTMS treatment.

Materials and methods
Subjects

Seventeen patients, predominantly with the akinetic rigid
form of idiopathic PD (Hoen and Yahr 2-3 while off)
according to the diagnostic criteria of the UK Parkinson’s
Disease Society Brain Bank [24], participated in the study.
Clinical details of the patients, including type and dose of
medication are shown in Table 1. Ten patients were
assigned to the experimental patient (EP) group and the
other seven (patients 11-17 in Table 1) to the control
patient (CP) group (see below). Patients were not aware of
the specifics of the experimental design. In addition, ten
healthy volunteers, matched in sex and age to the EP group,
were included as a healthy control (HC) group in the fMRI
study. The study obtained the approval of the ethics com-
mittee of the Hospital General de Mexico. Written
informed consent was obtained from all participants.

Procedure

The overall experimental procedure consisted of two fMRI
sessions, before and after a 3-month rTMS treatment.
A schematic of the various stages and their timing is shown
in Fig. 1, with their details described below.

Transcranial magnetic stimulation

The ten patients of the EP group received ten trains of 100
pulses of rTMS at 25 Hz over the motor cortex (M1) at
80% of the resting motor threshold (RMT), determined as
the lowest intensity capable of producing motor evoked
potentials (MEPs) in the right APB (abductor pollicis
brevis muscle). Patients in the CP group received 1,000
pulses (10 Hz) of rTMS over the occipital lobe of both
hemispheres [34] at 50% of RMT. In all cases, i TMS was
administered to both hemispheres (first right and then left),
using the Rapid® Magstim magnetic stimulator (Magstim
Co., Whitland, Carmathenshire, Wales) equipped with an
eight-shape coil. A total of 15 such sessions were con-
ducted, five times on the first week of each month for
3 months at the same hour of the day every 24 h. The
protocol was based on previous studies showing that
bilateral high intensity and frequency rTMS for at least
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Table 1 Clinical details of

patients with Parkinson’s Patient Gender Age Hoehn & Yahr Dose of medication/day
disease. Patients 1-10 were number (years)
assigned to the EP Group and 1 M 69 2 Levodopa/benseracide 400 mg
11-17 to the CP Group (see .
“Materials and methods”, for Pramipexole 1.5 mg
details) M 57 Levodopa/benseracide 300 mg
M 64 Levodopa/benseracide 500 mg
F 59 Levodopa/benseracide 350 mg
Pramipexole 1.5 mg
Amantadina 200 mg
5 F 68 3 Levodopa/benseracide 250 mg
Pramipexole .75 mg
6 F 70 2 Levodopa/benseracide 400 mg
Pramipexole 75 mg
Amantadina 200 mg
7 M 57 2 Levodopa/benseracide 300 mg
Amantadina 200 mg
8 M 70 2 Levodopa/benseracide 200 mg
Amantadina 100 mg
9 F 67 3 Levodopa/benseracide 500 mg
Pramipexole 1.5 mg
10 M 60 3 Levodopa/benseracide 500 mg
Pramipexole 1.5 mg
11 F 67 3 Levodopa/benseracide 500 mg
Pramipexole 1.5 mg
12 M 64 Levodopa/benseracide 500 mg
13 M 70 Levodopa/benseracide 200 mg
Amantadina 100 mg
14 M 69 2 Levodopa/benseracide 400 mg
Pramipexole 1.5 mg
15 F 70 2 Levodopa/benseracide 400 mg
Pramipexole 75 mg
Amantadina 200 mg
16 M 57 Levodopa/benseracide 300 mg
17 M 57 Levodopa/benseracide 300 mg
Amantadina 200 mg
rTMS
Motor \%\%%%
UPDRS evaluation UPDRS
fMRI fMRI
_______ [ N -
1 8§ 12 39 43 70 74
Day

Fig. 1 Experimental design (day1) baseline evaluation was performed
1 week before rTMS session (scan and UPDRS). (Day 8-12, 3943 and
70-74) The patients received a rTMS session for 5 day continued,
15 min after each session the participants were evaluated with tapping
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and random sequence, the rest periods inter-rTMS session were 3 weeks.
(Day 74) the post-TMS assessment was performed 30 min after the last
r'TMS session (scan and UPDRS). During scan acquisition the subjects
performed two motor tasks in a blocked design, evaluated with UPDRS



J Neurol (2011) 258:1268-1280

1271

5 days produces long lasting and potent effect on motor
performance [37]. Patients received the stimulation 60 min
after they had taken their usual medication. Participants
from the HC group did not receive any rTMS treatment.

Motor evaluations

Motor evaluations were performed in sequential order
(tapping first) 15 min after each rTMS session:

Tapping

Patients were seated in front of a panel containing three
buttons. The central button was yellow and the left and
right buttons were green. They were instructed to press first
the central yellow button as soon as they heard a beep and
immediately afterwards to press the right green button with
the right hand until a second beep was presented. They
repeated the task using their left hand (and left button). The
interval between beeps was 1 min [43]. The number of
alternative taps within this minute was measured for each
hand for each subject.

Random sequence

The apparatus and initial procedure were similar to the
tapping task but this time the movement to the right or
left button depended on the auditory stimulus. Specifi-
cally, patients were asked to press the central yellow
button upon hearing a beep, but to only release it and
press either the left or right button depending on whether
they heard one or two beeps. One beep indicated that they
had to press the right button with the right hand and two
beeps indicated that they had to press the left button with
the same hand. Thirty trials were administered for each
hand. The presentation of the one- and two-beep signals
was random.

We measured reaction time (the elapsed time between
hearing the second auditory signal and the release the
central button), and movement time (the elapsed time from
the releasing the central button and pressing the corre-
sponding lateral button). The number of successful
attempts and errors was also measured.

Analysis of reaction and movement times for both tasks
was conducted through an ANOVA with treatment (EP vs.
CP) as the between-group factor and session as the within-
subject repeated-measures variable.

Clinical evaluation
A neurologist blind to the procedure evaluated the patients

using the Unified Parkinson’s disease rating scale (UP-
DRS) [16] twice, at the beginning and the end of the study.

fMRI acquisition and analysis

fMRI acquisition was performed on 1.5 Tesla General
Electric HDx system equipped with standard head coil,
using gradient EPI sequences. A vacuum cushion was used
to stabilize the participants’ head. During data acquisition
the subjects performed two motor tasks in a blocked
design: a paced index finger test which involved pressing a
button at fixed time intervals of 1,000 ms following an
auditory signal (100-ms, 440 Hz pure tone), referred here
as the simple task, and a second, more demanding test (the
complex task) which involved pressing one button upon
hearing a given cue (1 tone) and pressing another button
upon hearing a different cue (2 successive tones separated
by 100 ms). In this task, the inter-stimulus interval varied
randomly between 850 and 1,500 ms. Reaction times for
both tapping tasks and correct responses in the complex
tapping tasks were measured. In addition, two types of rest
blocks were interleaved with the motor tasks. These rest
blocks were identical to the simple or complex tapping
ones, but subjects were instructed to only listen to the
sounds without responding (simple rest, SR and complex
rest, CR, respectively). Preceding each block an auditory
instruction was given to indicate the type of task (move-
ment/rest). In total, there were eight blocks in the following
fixed order: CR, ST, SR, CT, SR, ST, CR, CT. Patients
were trained prior to scanning until they reached an accu-
racy level of 75-80%. Patients in the CP and EP groups
were scanned 1 week before the first rTMS session and
again 1 h after the last rTMS session. Participants from the
HC group were scanned once.

Stimuli were generated by a PC laptop computer run-
ning E-PRIME (Psychology Software Tools, Pittsburg, PA,
USA) and were delivered to the subject binaurally via
headphones using an MR-compatible pneumatic system.
An optical mouse connected to the computer collected the
participant’s responses.

Functional T2* weighted images were collected with
blood oxygen level dependent (bold) contrast (120 vol-
umes, TR = 3,000 ms, TE = 40 ms, flip angle = 90°,
FOV = 256 mmz, Matrix 64 x 64), covering the entire
brain (34 interleaved slices, 4 mm thickness, parallel to the
anterior—posterior ~commissural  plane; voxel size
4 x 4 x 4 mm®). Prior to the functional scan a TI1-
weighted anatomical volume was acquired using a gradient
echo pulse sequence (TR = 10.2 ms, TE = 4.2 ms, flip
angle = 90°, voxel size 1 x 1 x 1 mm3).

Functional data was pre-processed using SPM2 (Well-
come Department of Cognitive Neurology, London, UK;
see http://www fil.ion.ucl.ac.uk/spm), following standard
procedure. Briefly, images were realigned to the first vol-
ume, spatially normalized (final voxel size 2 x 2 x
2 mm?) to the stereotaxic space of Talairach and Tournoux
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[63] using the MNI template [15] and smoothed using an
isotropic § mm FWHM Gaussian kernel. A high-pass filter
(cutoff 128 s) was applied to remove low frequency tem-
poral drifts in fMRI signal. Data were analyzed with SPM2
using general linear model with a synthetic hemodynamic
response function. Four conditions were defined based on
the task: simple and complex tapping, and simple and
complex rest. The movement parameters obtained during
preprocessing were also included in the model (realign-
ment procedure). For each participant, two linear con-
trasts of interest were calculated, corresponding to the
effects of simple and complex tapping minus their cor-
responding controls (i.e., simple tapping—simple rest and
complex tapping—complex rest). Each of these linear
contrasts was taken to second level random-effects model
using whole brain analysis, namely, a two-sample ¢ test
contrasting all patients before rTMS treatment versus the
HC group and a paired ¢ test for the EP groups com-
paring activity before and after treatment. A threshold of
p < 0.001, uncorrected for multiple comparisons, together
with a cluster threshold of p < 0.05 was used to deter-
mine statistical significance.

In addition, to assess the specificity of any changes in
brain activity in the EP to rTMS over M1, a mixed two-
factor ANOVA (Pre- vs. Post-r'TMS and EP vs. CP groups)
for the CP group (tfTMS over occipital cortex) was con-
ducted. For this analysis, statistical significance was
determined using a threshold of p < 0.05 corrected for
multiple comparisons (FWER [64]) within the volume
defined by the activations obtained in the same analysis for
the EP group.

Finally, a psychophysiological interaction (PPI) analy-
sis [21] was conducted to explore functional connectivity
changes with SMA during the complex tapping task as a
function of treatment. The time series for SMA was
extracted from the first eigentime series of all voxels
within 5 mm radius sphere centered on the regional
maxima in the SMA that showed significant activation in
the complex tapping minus complex rest contrast (see
“Results™).

Results
Motor performance

Results from the tapping test in Fig. 2 showed that, after
treatment, the number of button presses for the EP group
was significantly greater than for the CP group for both
right and left hands [F(3,87) = 11.1, p <0.001 and
F(3,87) = 7.58, p = 0.005, respectively]. Similarly, in the
random sequence test, movement time diminished in the
EP group when compared to the CP group for right and left
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Fig. 2 Movement time after each of the repetitive transcranial
magnetic stimulation (rTMS) sessions (mean and SE) for the
experimental (square) and control (triangle) patients groups. The
x axis indicates the time, in days, after the start of treatment.
Measurements for left and right hands were pooled. a right hand b left
hand

hands [F(3,87) = 59.5, p <0.001 and F(3,87) = 82.5,
p < 0.001, respectively). Figure 3 shows movement time
in the random sequence test (right hand) in both groups as a
function of rTMS session. As can be seen, improvement in
the EP group occurred after a few sessions and it was
maintained throughout the treatment. We also observed a
trend for a reduction in reaction times for the EP group
when using the right hand (p = 0.07), but no differences
for the left hand (p = 0.6).

Symptom changes

Prior to treatment, no significant differences existed
between the EP and CP groups in the clinical evaluation of
symptoms, measured with the UPDRS (p = 0.7). Follow-
ing rTMS, the EP showed significant improvement
(pre-r'TMS: 40.2, post-rTMS: 32.7, p = 0.03), whereas no
significant changes were observed in the CP group (pre-
rTMS: 41.8, post-rTMS: 41.0, p = 0.19).
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Fig. 3 Number of tappings each of the repetitive transcranial
magnetic stimulation (rTMS) sessions (mean and SE) for the
experimental (square) and control (triangle) patients groups. The
x axis indicates the time, in days, after the start of treatment.
Measurements for left and right hands were pooled. a right hand
b left hand

Motor tasks in the scanner

No significant changes in accuracy during the complex
tapping task in the scanner were observed between sessions
for either the EP (pre-rTMS: 78%; post-rTMS: 84%;
p = 0.34) or the CP group (pre-rTMS: 78%; post-rTMS:
71%; p = 0.7). Likewise, reaction times in both tasks were
similar before (EP: 520 £ 72 ms; CP: 523 + 68 ms;
p =0.82) and after rTMS (EP: 520 £ 68 ms; CP:

516 £ 86 ms; p = 0.9). As expected, participants in the
HC group were more accurate than the patients (95%;
p = 0.001), but there were no differences in RTs
(495 4+ 67 ms; p > 0.4) (see Table 2).

fMRI data
Patients versus HCs

Tables 3, 4 and Fig. 4 show the significant activations for
the comparison between all 17 patients before rTMS and
HCs during the simple and complex tapping task, respec-
tively. Overall, patients exhibited reduced activation in the
thalamus, caudate and putamen, as well as parietal cortex.
In addition, controls showed stronger activation in the
midbrain for the simple task and premotor cortex in the
complex task. Patients only exhibited stronger activation in
the right DLPFC during the simple tapping task.

Pre- versus post-rTMS

In the EP group, rTMS treatment led to an increase in
activation in several regions, mostly in the left hemisphere,
including the caudate nucleus (CN), superior parietal
gyrus, M1 and dorsal premotor cortex, for the simple task,
cerebellum and DLPFC for the complex task. In contrast,
activity in left S1 decreased following rTMS treatment in
the case of the simple task. Critically, there was a reduction
in SMA activity during the complex task. The complete list
of activations for both tasks as a result of treatment is
shown in Tables 5, 6 and Fig. 5.

To assess whether the observed fMRI results were spe-
cific to rTMS over M1, we conducted an ANOVA com-
paring the EP (‘TMS over M1) with the CP group (f'TMS
over occipital cortex) for the two tasks before and after
treatment. Results from the interaction analysis (group-by-
session) for the simple tapping task revealed a significant
activation in the CN (xyz = [—22, —18, 26], z = 4.07,
Punc < 0.0001, prwg < 0.05 SVC) and, for the complex
task, in the SMA (xyz =[-10, =2, 50], z = 2.6,
Punc = 0.005, ppwg < 0.05 SVC). As seen in the graphs of
the parameter estimates in Figs. 6 and 7, these analyses

Table 2 Motor task

. Performance EP CP HC
performance in scanner
Pre-TMS Post-TMS Pre-TMS Post-TMS
Accuracy (%) 78 84 74 71 90
RT simple task (ms) 428 + 63 427 £+ 68 427 £ 162 426 + 110 380 + 113
EP experimental patient group, RT beepl(ms) 727 £ 73 725 £ 70 731 £ 75 729 £ 72 612 £ 13
CP control patient group, HC RT beep2 (ms) 743 £ 71 739 + 74 746 £+ 69 744 £ 73 709 £ 68
healthy control group (see Accuracy beep 1 (%) 76 85 76 74 94
Materials and methods” for Accuracy beep 2 (%) 79 31 7 70 4

details)
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Table 3 Significant group

differences between all patients Region Y < Z score Qluster
(before rTMS) and HCs in the (peak voxel) s1ee
simple motor task Control > patients
Midbrain 8 -20 —14 4.33 222
-5 -20 -10 3.57
Thalamus 8 -10 2 3.89 381
Thalamus -8 —12 4 3.54 16
Putamen 24 8 0 3.49 27
Superior parietal cortex —64 -32 26 4.34 89
Inferior parietal cortex 66 -22 12 3.90 42
Patients > controls
DLPC right 18 30 28 3.46 22
Table 4 Significant group differences between all patients (before Discussion

rTMS) and HCs in the complex motor task

Region X y z  Zscore Cluster

(peak voxel) size
Control > patients

Thalamus 16 —18 8 3.73 106
-4 -8 10 3.39 13
Caudate —16 8 20 3.82 47
Premotor cortex —18 0 55 3.73 57
Superior parietal cortex —62 —40 28 3.28 13

confirmed that the observed increase in the CN and decrease
in SMA after treatment was specific to the experimental
group, as no significant differences were observed in the CP
patients (CN: p = 0.12, SMA: p = 0.48).

To further explore the changes in SMA activity fol-
lowing rTMS treatment in the EP group, we conducted a
functional PPI analysis using the peak activation of SMA
as the seed voxel (see “Materials and methods”). Func-
tional connectivity between SMA and prefrontal cortex
during complex tapping significantly increased after rTMS
shown in Fig. 8 and Table 7.

Fig. 4 Activation for simple
and complex tapping.

a Statistical parametric map
(color scale represents t values),
for the contrast simple tapping
minus simple rest, showing
areas with stronger signal in
HCs and b for contrast in
complex tapping-complex rest
showing areas with stronger
signal in HCs (p < 0.001)

@ Springer

In this study, we investigated the clinical, behavioral and
neural effects of long-term application of rTMS over pri-
mary motor cortex on PD. We observed that fifteen ses-
sions of rTMS, over the course of a 3-month period,
significantly improved bradykinesia, in agreement with
previous studies, [22, 34, 37, 47, 56]. Before treatment,
patients exhibited the typical pattern of reduced activation
in the basal ganglia during motor tasks [30, 32], as well as
in other cortical regions, particularly the parietal cortex
[26, 51]. After the 3-month treatment, patients who had
rTMS over M1 showed a significant increase in activation
in the CN, as well as a reduction in activity in SMA when
performing a complex motor task. Interestingly, this
decreased activation was associated with a stronger effec-
tive connectivity of this region with the medial prefrontal
cortex. Critically, these effects, both at the behavioral and
neural level, were specific to M1 rTMS, as a group of
patients undergoing the same treatment but with the TMS
coil placed over the occipital cortex did not show any of
the changes in behavior or brain activity mentioned above.
Below, we discuss these findings in more detail.
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EP Group during the simple task (peak voxel) s1ze
Pre-TMS > post TMS
Left S1 —42 —16 64 3.65 20
Post-TMS > Pre TMS
Left caudate -22 —16 26 4.17 200
-10 6 16 4.79 15
Left M1 —52 -8 30 3.90 54
Inferior temporal lobe —52 —34 —10 3.64 36
Left superior parietal lobe —24 -36 44 4.22 42
Dorsal premotor cortex —40 12 46 3.64 104

Table 6 Significant differences before and after rTMS for the EP
Group during the complex task

Region X y b4 Z score Cluster
(peak voxel) size

Pre-TMS > post-TMS

SMA -8 —4 50 4.28 42

0 =5 58

Post-TMS > Pre-TMS

Left DLPF -32 34 48 3.89 36

Cerebellum 8 36 22 3.68 37

Motor behavior

We showed that rTMS over M1 improved motor perfor-
mance. However, unlike some of the previous studies
[34, 37], we did not see a cumulative effect over time.
Instead, performance in the motor tasks was already sig-
nificantly better after the first rTMS session but did not
improve further with more sessions. Nonetheless, we did
observe that after a month without treatment, performance
decreased, albeit not to the pre-treatment levels (see
Fig. 2), suggesting that periodic boost sessions of rTMS
may be necessary for long-term maintenance of its effects

Fig. 5 Statistical parametric
map (color scale represents

t values) showing the effects of
rTMS on motor cortex (before
minus after treatment) in the
experimental patient (EP) group
for a simple and b complex

tapping

A

of motor behavior. We observed a delayed effect of rTMS
on the right hand’s movement, similar to what has been
previously reported in PD and post-stroke patients [40].

Caudate nucleus

Most neuroimaging studies, including ours, in PD that
employed simple motor tasks to investigate bradykinesia-
related neural activity found significantly decreased acti-
vation in the CN, among other regions [26, 30, 31, 51]. It
has been suggested that this CN hypoactivity contributes to
the observed motor deficits in PD patients, particularly
those requiring an external cue for initiation [49], by
interfering with the normal functioning of the striato-frontal
motor loop. Consistent with this model, we observed that
rTMS over M1 significantly improved motor behavior and
resulted in increased motor-related activity in the CN.

The mechanism linking rTMS over M1 and activity in
CN remain be determined. However, we can speculate
about possible ways in which this could be affected. Recent
studies have shown direct evidence, using PET, of DA
release in the striatum in healthy subjects, PD patients and
monkeys after rTMS over dorsolateral prefrontal cortex
and motor cortex [59-61], which, in turn, could lead to
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Fig. 6 a Statistical parametric
map (color scale represents

t values) of the group-by-time
interaction for the simple-
tapping minus simple-rest
contrast showing that the
change in activation following
rTMS differed between the
experimental (EP) and control
(CP) patients groups in the CN.
b Parameter estimates of this
contrast in the peak voxel of the
CN activation (xyz = [—22,
—18, 26], z = 4.07, p < 0.05
FWE) for the b EP group and
¢ CP group before and after
rTMS. (bold responses are
reported in arbitrary units)

Fig. 7 a Statistical parametric
map (color scale represents

t values) of the group-by-time
interaction for the complex—
tapping — complex—rest contrast
showing that the change in
activation following rTMS
differed between the
experimental (EP) and control
(CP) patients groups in SMA.
b Parameter estimates of this
contrast in the peak voxel of
SMA (xyz = [-10, =2, 50],

z = 2.6, p < 0.05 FWE) for the
b EP group and ¢ CP group
before and after rTMS. (bold
responses are reported in
arbitrary units)

o _mwsao

increases in blood oxygen-level dependent (BOLD) signal
[35]. Another possibility is that rTMS causes changes in
CN activity indirectly, through its action on other brain
regions, such as SMA (see below). Indeed, functional MRI
and computational modeling studies [29] suggest that the
striatum and pre-SMA are functionally linked, particularly
during tasks that required speeded, cue-based, simple
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decision-making [19]. Furthermore, a recent study has
shown that structural connectivity between pre-SMA and
the striatum can account for some of the observed indi-
vidual differences in behavioral performance during simple
cognitive tasks [18]. It is therefore possible that improve-
ment in motor performance in our patients was also asso-
ciated with structural, rather than functional, changes in
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Fig. 8 Changes in effective
connectivity (PPI) for SMA
(xyz = [—10,—2,50]) in
experimental group before and
after rTMS over motor cortex.
a EP pre-TMS > post-TMS

b EP post-TMS > pre-TMS

Table 7 Areas showing
significant connectivity with
SMA in the complex task (PPIs)

Region X y z Z score Cluster
(peak voxel) size
Post-TMS > Pre-TMS
Right medial prefrontal cortex 34 26 2 3.62 494
Cerebellum 24 —34 —40 3.41 534

this network. Future analyses using structural data could
potentially test this hypothesis.

Supplementary motor area

SMA has been consistently implicated in PD and many
neuroimaging studies have shown underactivity of the
SMA in PD during movement [8, 26, 31, 52]. However,
several other studies have shown the opposite, namely
stronger SMA activity in PD patients compared to controls
[10, 14, 30, 50, 51]. In our study, we did not observe dif-
ferences in SMA activity between controls and patients
before rTMS treatment. Nonetheless, we found a reduction
in SMA activity after rTMS application over motor cortex.
This finding is in agreement with previous studies showing
that deep brain stimulation of the STN in PD patients
resulted in an improvement in symptoms and a decrease in
cerebral blood flow in SMA [27, 33]. Interestingly, in our
study, this reduction in SMA activity after rTTMS was
associated with an enhanced effective connectivity of this
area with prefrontal cortex during the complex motor task.
Taken together, these findings could be interpreted as
rTMS improving the efficiency of SMA during the per-
formance of complex motor tasks by reducing its activity
and increasing its connectivity to other regions involved in
the “attention-to-action” circuit [44]. Consistent with this
hypothesis, Rowe and colleagues [50] observed that,
although SMA activity during a simple motor task was
higher in PD patients than controls, increasing the atten-
tional load of the task failed to modulate SMA activity or

increase its effective connectivity with prefrontal cortex, as
it was the case with control subjects.

Specificity of the effects

Our results show that repeated sessions of rTMS over
primary motor cortex resulted in significant changes in
behavior and brain activity in PD patients. However, it
could be theoretically possible that at least some of these
changes were due to a placebo or other non-specific effect
of TMS. Indeed, Strafella et al. [59] showed that sham
'TMS increased DA neurotransmission in dorsal and ven-
tral striatum. To rule out this possible placebo effect in our
study, we included a group of CPs, matched to the exper-
imental group in terms of symptom severity, who under-
went actual (non-sham) rTMS treatment but with the coil
placed over the occipital cortex. Critically, these patients
did not exhibit any clinical symptom or motor behavior
improvement nor did they show the changes in brain
activity, particularly in CN and SMA, observed in the
experimental group. Nonetheless, we cannot rule out that
r'TMS over another location, more related to the motor or
attention network (e.g., parietal cortex or SMA) could have
similar effects to those we observed. Furthermore, our
r'TMS protocol was chosen so as to maximize the proba-
bility of having positive effects on motor performance;
future studies varying some of the parameters, such as
frequency, duration, number of sessions, will be necessary
to fully characterize the influence of rTMS on symptom
improvement in PD.
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Limitations

One limitation of our study is the relatively small number
of patients tested. However, our sample size is similar to
most previous PD studies [26, 30, 50, 51]. Furthermore, the
within-subject design employed here has substantially
higher statistical power than a cross-sectional one using the
same number of patients. Because we only scanned patients
after 3 months of rTMS, we were not able to determine the
time course of neural changes or the minimum number of
sessions necessary to effect these changes. Similarly,
repeated follow-up behavioral and fMRI tests would be
needed to assess the long-term effects of rTMS treatment
and the role of medication on symptom and motor per-
formance improvement which will be the focus of future
studies.

Conclusion

In conclusion, the present study extends previous findings
on the beneficial effects of rTMS on motor behavior in PD
and sheds light on the possible neural mechanisms under-
lying this improvement. Specifically, we showed that rTMS
induced increases in activity in the CN during a simple
motor task and decreased SMA activity, coupled with
enhanced functional connectivity with prefrontal areas.
Taken together, these results further highlight the potential
therapeutic effects of I TMS, especially in combination with
other treatment approaches in PD.
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