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Background. Parkinson disease (PD) is characterized by hypometric movements resulting from loss of dopaminergic neurons in
the substantia nigra. PD leads to decreased activation of the supplementary motor area (SMA); the net result of these changes
is a poverty of movement. The present study determined the impact of 5Hz repetitive transcranial magnetic stimulation (rTMS)
over the SMA on a fine motor movement, handwriting (writing cursive “l”s), and on cortical excitability, in individuals with PD.
Methods. In a cross-over design, ten individuals with PD were randomized to receive either 5Hz or control stimulation over the
SMA. Immediately following brain stimulation right handed writing was assessed. Results. 5 Hz stimulation increased vertical
size of handwriting and diminished axial pressure. In addition, 5Hz rTMS significantly decreased the threshold for excitability
in the primary motor cortex. Conclusions. These data suggest that in the short term 5Hz rTMS benefits functional fine motor
task performance, perhaps by altering cortical excitability across a network of brain regions. Further, these data may provide the
foundation for a larger investigation of the effects of noninvasive brain stimulation over the SMA in individuals with PD.

1. Introduction

Hypometric movements, resulting in diminution of letter
size, reduced speed and slow acceleration, typically char-
acterize handwriting in individuals with Parkinson disease
(PD) [1–5]. Deficits in handwriting begin with hypometric
movements and then may progress to micrographia as PD
severity progresses. Specifically, hypometric movements may
be related to the impaired ability tomaintain adequatemuscle
force and to process concurrent and forthcoming movement
information while writing. Given that individuals with PD
suffer from hypometric handwriting [1], we selected this task
to consider the effects of noninvasive brain stimulation on
hand function.

Normally, the basal ganglia (BG) play a role in the
kinematic scaling of movements [6], but in individuals with
PD, suboptimal BG function due to dopamine depletion leads
to widespread changes in interconnected brain regions that

include decreased activity in the supplementary motor area
(SMA) and reduced efferent feedback in the basal ganglia-
thalamocortical motor loop [7]. Consequently, individuals
with PD show altered activation patterns in the SMA [8–15]
and overall less corticocortical excitability [8–10, 12]. Taken
together, changes in activation patterns across a broad corti-
cal network and sub-optimal BG function lead to hypometric
movements associated with PD.

Located on medial aspect of the forebrain, the SMA plays
a key role in motor selection in sequentially structured tasks
such as handwriting. Data from healthy controls suggest
that the cortical control of handwriting requires activity
in the SMA, motor cortex, and BG in order to produce
finely graded precision grip required by handwriting [6]. To
generatemovements in the absence of external cues, the SMA
receives efferent information from the BG and then transmits
information that likely helps to prepare movement [16] to
M1. However, individuals with PD suffer from overactivation
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Table 1: Participant Characteristics.

P Sex Age MoCA UPDRS-III H&Y DH More affected
side

Disease duration
(years)

Medication
(daily dose—mg)

1 M 52 25 9 1.5 R L 4

Levodopa/Carbidopa 100/25 QID
Entacapone 200 QID
Pramipexole 1 QID

2 M 73 28 18 1.5 R R 10

Levodopa/Carbidopa CR 200/50 QID
Levodopa/Carbidopa/Entacapone
100/25/200 QID
Levodopa/Carbidopa 120/25 TID

3 M 77 27 11 1.5 R L 4
Levodopa/Carbidopa 250 QD

4 M 77 24 13 1.5 R R 4
Levodopa/Carbidopa CR 100/25 QID
Levodopa/Carbidopa 100/25 BID

5 M 71 29 7 1 R R 8
Levodopa/Carbidopa CR 200-50 TID
Rasagiline 1 QD

6 M 77 29 9 1.5 R L (more axial) 3 Levodopa/Carbidopa CR 100/25 QID

7 M 72 26 7 1.5 R R (more axial) 5
Levodopa/Carbidopa 200/50 q5H
Pramipexole 1 TID

8 F 64 28 5 1.5 R R (more axial) 6

Levodopa/Carbidopa CR 100/25 q5H
Pramipexole 1 TID
Rasagiline 0.5 QD

9 M 64 30 6 1.5 R L 4
Levodopa/Carbidopa 100/25 QID
Pramipexole 0.5 QID

10 M 78 29 9 1.5 R R 3 Levodopa/Carbidopa CR 200/50 QID
P: participant, Age: years, F: female, M: male, R: right; L: Left, MoCA: Montreal Cognitive Assessment, UPDRS-III: Unified Parkinson’s Disease Rating Scale-
motor section, H&Y: Hoehn and Yahr’s stages, DH: dominant hand, CR: controlled release, QD: one/day, BID: two times/day, TID: three/day, QID: Four/day,
q5H: Five/day.

of internal segment of Globus Pallidus internus (GPi) in
BG that leads to inhibition of thalamic neurons to cortex,
especially to SMA [1–4, 13–15, 17]. Consequently, individuals
with PD have decreased activity in SMA owing to diminished
efferent feedback from BG-thalamocortical motor loop. Due
to poor BG and SMA functions, individuals with PD suffer
froma reduced ability to process concurrent and forthcoming
information about movement; in the case of handwriting,
progressive micrographia results [18].

Repetitive transcranial magnetic stimulation (rTMS) is a
non-invasive technique that allows cortical excitability to be
altered; when delivered at frequencies ≥5Hz rTMS cortical
excitability may be increased. Past work suggests that rTMS
over motor and prefrontal cortex induces a dopamine release
in the striatum in people with PD [19–21]. However, this
work did not considerwhether the application of rTMSmight
impact functional motor skill performance. Thus, the main
aim of the present study was to consider whether the delivery
of excitatory rTMS could impact handwriting performance.
We targeted the SMA with rTMS based on its known role in
handwriting performance [6] in combination with previous
reports of altered SMA function in individuals with PD [8, 9].
Past kinematic studies of handwriting [1, 4] suggest it is an
ideal task for the study of motor skill function in individuals
with PD.

Given that rTMS over the SMA may shift cortical
excitability both locally and in linked cortical areas, we
hypothesized that following 5Hz rTMS individuals with PD

would demonstrate improved speed and amplitude of hand-
writing movements. Tuelings et al. [22] reported that indi-
viduals with PD show greater disfluency in writing tasks
involving wrist flexion than in the tasks involving wrist
extension. Therefore, we predicted that individuals with PD
would demonstrate more improvement in the downstroke as
compared to the upstroke following 5Hz rTMS. Finally, given
the strong cortico-cortico connections between SMA andM1
we also hypothesized 5Hz rTMS over SMA would also affect
the excitability of M1. To our knowledge, the present study
is the first study to assess the effect of rTMS over SMA on a
functional motor skill, handwriting, in individuals with PD.

2. Materials and Methods

Ten individuals with PD (mean age: 70.5 years) participated
(Table 1). To characterize disease status, the motor section
of the Unified Parkinson’s Disease Rating Scale (UPDRS-III)
and Hoehn and Yahr’s (H&Y) scores were determined by
a physiotherapist prior to the first session of testing while
individuals were on medication. Exclusion criteria included
(1) age above 80; (2) cognitive dysfunction (i.e., Montreal
Cognitive Assessment < 24); (3) history of psychiatric dis-
turbances; (4) any neuromuscular, skeletal, cardiovascular
conditions that might interfere in participating in the study;
(5) history of seizures/epilepsy, substance abuse or head
trauma, stroke, tumor; or (6) severe PD (H&Y stage > 3).
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Figure 1: Stereotaxic system for coil placement. Brainsight was used to locate left SMA (as per Talairach coordinates) and left M1; markers
were placed to ensure accuracy of coil placement within and across stimulation sessions.

Additional exclusion criteria for functional magnetic reso-
nance imaging (fMRI) anatomical scanning and TMS map-
ping included pacemaker, pregnancy, metallic objects in the
body, or claustrophobia. None of the participants presented
with significant tremors.

Participants were testedwhile on their regularmedication
schedule; interviews confirmed that medication status did
not change during the period of study participation. To
control for medication-induced fluctuations in function, all
participants were tested at the same time of day for each of the
two sessions, two hours before their next medication dosage.
That is, the testing was done during second (declining) phase
of medication cycle, to capture the maximum add-on effect
of rTMS. All participants gave informed, written consent
for their participation in the study and all procedures were
institutionally and ethically approved. To control variability
in participants, all participants were tested using their right
hand to write; rTMS was delivered over the left hemisphere
for SMA and M1. This study had cross-over design, all par-
ticipants received 5Hz and control rTMS over left SMA one
week apart. The order of type of stimulation was randomly
allocated.

2.1. TMS Protocol. A Magstim Super Rapid stimulator
(Magstim Company, Ltd.) was used to deliver the whole
TMS, in conjunction with a 70mm figure-of-eight air-cooled
coil. During TMS participants were seated in a semireclined
dental chair with arms bent and supported. For the whole
stimulation session, over bothM1 to determine restingmotor
threshold (RMT) and SMA for rTMS, the TMS coil was ori-
ented tangentially to the scalp with the handle pointing back

and away from midline at 45 degrees. The magnetic stimulus
had a biphasic waveform with a pulse width of 400 us. On
a separate day, prior to the start of the experiment, each
participant had an anatomical MRI scan at the University of
British Columbia (UBC) 3T MRI Centre (T1 images TE =
5ms, TR = 24ms, 40∘ flip angle, NEX = 1, thickness =
1.2mm, FOV = 256mm). These images were imported into
Brainsight TMS neuronavigation software (Rogue Research
Inc.) to allow for stereotaxic registration of the participant’s
brain with the TMS coil for online control of the trajectory
of stimulation and to ensure consistency of stimulation loca-
tion across experimental days. Each participant’s brain was
transformed into standard Talairach space using Brainsight
software.This enabled standardization of rTMS delivery over
known Talairach coordinates for the SMA: −5, −3, 52 [23, 24]
(Figure 1).

Motor evoked potentials (MEPs) were used to determine
the coil position that evoked the maximal response (i.e.,
the “hot spot”) in the right flexor carpi radialis (FCR).
MEP amplitude was monitored by surface electromyogra-
phy (EMG) over participant’s right FCR using the evoked
potential unit of the Super Rapid2 control unit (Magstim
Super Rapid2, Magstim Company, Ltd.). Once the location
and trajectory of the coil were determined for this hot-
spot it was marked using Brainsight to minimize variability.
The motor cortical hot-spot was verified at the beginning
of each experimental session, as well as before and after
rTMS. Following determination of the motor cortical hot
spot, RMT was established as the percentage of stimulator
output intensity that elicited an MEP > 50𝜇V in 5 out of
10 trials. To determine the impact of stimulation conditions
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Figure 2: Example of raw data from handwriting task from an
individual trial showing a rectangular box of 0.79 by 8 inches;
participants were instructed to match the height of their loops to
the size of the box.

(5Hz and control rTMS over SMA) on the excitability of the
primary motor cortex we repeated our assessment of RMT
on left M1 following 5Hz stimulation over the SMA. Figure 1
shows the site of stimulation as recorded in Brainsight for left
M1 and left SMA.

All participants were naı̈ve to TMS and were blinded
to group assignment. 1200 pulses of rTMS stimuli were
delivered at 110% of RMT at a frequency of 5Hz over the
SMA [16] (approximately 6 minutes of stimulation). The
same protocol was followed for the control, sham stimulation.
Control stimulation over SMA was delivered by using an
identical custom sham coil that had same look and sound
as an active coil but did not induce any current in the
underlying cortex. One participant reported scalp discomfort
at 110% intensity and thus was stimulated at 100% RMT. All
stimulation parameters were in accordance with published
safety standards [25].

2.2. Handwriting. Handwriting assessments were performed
while participants sat at a table adjusted for height to allow the
right arm to be comfortably placed with the elbow below the
shoulder. Participants were asked to write repetitive cursive
loops or “l”s in their everyday style and preferred speed
using an ink pen on an 8.5 by 11-inch paper placed on
top of a digitizing tablet (WACOM Intuos3 tablet 9X12).
The paper contained rectangular boxes of 0.79 by 8 inches
and participants were instructed to match the height of
their loops to the size of the box (Figure 2). Before starting
the experiment, all participants were allowed to practice a
trial. Two trials of 15 seconds each were recorded. For each
condition (5Hz versus control rTMS), data was collected
twice—prior to rTMS and after rTMS on the same day.

2.3. Data Analyses. Kinematic variables of handwriting were
quantified using ScriptAlyzer software (NeuroScript, LLC;
Tempe, AZ, USA). ScriptAlyzer was used to record position
data (X-Y coordinates) and then calculate the kinematic
parameters of interest at a frequency of 200Hz with a spatial
resolution of 0.002 cm. For each loop, the software used the
zero velocity crossing to identify two segments, an upstroke
and a downstroke. The software automatically eliminated the
first loop (up- and downstroke) from each trial. For any trials
where freezing or hand repositioning events occurred, the
software identified the segment immediately before and after
the event and eliminated those segments and the data within
that event. After software elimination, stroke segments were
visually inspected to verify data. On average, 20 segments
were analyzed per subject per test session.

Finally, for each trial, ScriptAlyzer used the averaged
segment data to calculate the following kinematic parameters:
(1) vertical size (cm); (2) peak vertical velocity (cm/sec); (3)
average pen pressure (z coordinate). We analyzed parameters
of the complete loop as well as separated segments (up- and
downstrokes).

2.4. Statistical Analysis. For each of the above dependent
variables, a 2 (session: 5Hz, control rTMS) by 2 (Time: before
and after stimulation) ANOVA with repeated measures
corrections was performed. The mean of each variable was
the dependent measure; SPSS software (v.14) was used for
each analysis. Significant interactions (session by time) were
decomposed with follow-up t-tests. The same statistical test
was employed with RMT as the dependent measure to index
cortical excitability. Threshold for significance was set to 𝑃 ≤
0.05.

3. Results

3.1. Complete Loops. (a) Vertical size: a significant session
by time interaction (𝐹(1, 9) = 5.59, 𝑃 = 0.04; Table 2;
Figure 3(a)) resulted from increased global vertical size for
the 5Hz group at the posttest as compared to control group.

(b) Peak vertical velocity: a significant main effect of time
was noted for peak vertical velocity (𝐹(1, 9) = 10.67, 𝑃 =
0.01). This suggests that both groups wrote faster at the post-
test, regardless of stimulation type. Neither the session nor
time interaction was significant (Table 2).

(c) Average pen pressure: there were no significant effects
of rTMS on pen pressure.

3.2. Up- and Downstrokes. (a) Vertical size: there was sig-
nificant Session by Time interaction for vertical upstroke
size (𝐹(1, 9) = 9.62, 𝑃 = 0.01). Upstrokes were larger fol-
lowing 5Hz rTMS (Table 2; Figure 3(b)). No interaction was
observed for downstrokes.

(b) Peak vertical velocity: a significant main effect of Time
ondownstrokes resulted from increased peak vertical velocity
(𝐹(1, 9) = 8.69, 𝑃 = 0.02; Table 2).

(c) Average pen pressure: there was significant Session by
Time interaction for upstrokes (𝐹(1, 9) = 4.93, 𝑃 = 0.05).
This was due to the decreased pen pressure following 5Hz
rTMS (Table 2; Figure 3(c)). No interaction was observed for
downstrokes.

3.3. Motor Cortical Excitability. A Session by Time interac-
tion was noted for RMT (𝐹(1, 9) = 5.25, 𝑃 = 0.05). This
was the result of lower RMT over M1 following 5Hz rTMS
(𝑃 = 0.02; Table 3). This was not the case following control
rTMS.

4. Discussion

This is the first study to demonstrate short-term changes
in functional fine motor task performance following 5Hz
rTMS over SMA in individuals with PD. Specifically, we
noted that 5Hz rTMS over SMA increased the global size
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Figure 3: Significant interactions in behavioural data from handwriting task for (a) vertical size, (b) upstroke size, and (c) average pen
pressure. Error bars are standard error of the mean (SEM).

Table 3: Average means (SD) before and after rTMS for each group,
and 𝑃 values for RMT.

Variable TMS
𝑃 value

Active Sham
RMT
Before 63.1 (10.55) 62.3 (8.08) 0.05∗
After 60.2 (9.14) 61.2 (8.59)
∗Significant SESSION by TIME interaction.

of handwriting as shown by larger “l”s, specifically upstroke
height increased and pen pressure decreased following rTMS
over SMA. Van Gemmert et al. [26] reported that individuals

with PD undershoot when asked to match their letter height
to a target box. In the present study, we show that 5Hz rTMS
countered the undershooting of letter height, at least in the
short term.We speculate that 5Hz rTMS over SMAmay alter
corticostriatal and corticocortical connectivity perhaps by
exciting an otherwise hypoactive SMA and its projections to
the BG,M1, and othermotor areas.The BG play an important
role in motor behavior. According to a hypothetical model,
the putamen controls GPi, both directly and indirectly. In PD,
the balance between putamen and GPi and globus pallidus-
externus (GPe) is altered due to loss of dopamine. The SMA
acts with the basal ganglia reciprocally to preparemovements
[27–31], forming a corticosubcortical loop. The SMA also
sends information to M1 for final output [17]. Our data
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suggest that 5Hz rTMS over SMA helped to compensate for
corticostriatal imbalance by imposing an efferent influence
on BG output and enhanced cortico-cortical connections,
thus enabling participants to generate a larger vertical letters
following stimulation.

5Hz rTMS also led to decrease in the amount of pen
tip pressure, during the now larger upstroke. Other work
suggests that PD leads to an inefficient recruitment of
muscle force, deficits in amplitude and/or velocity scaling,
and rigidity in muscle groups [7, 32], resulting in jerky
movements [22]. The M1 is well known to encode the force
requirements of movement [33]. Importantly, we noted lower
motor thresholds for M1 following 5Hz rTMS over the SMA
[34, 35]. Given the strong cortico-cortico linkages between
the SMA andM1 this result is not surprising. Taken together,
the decrease in pen pressure and reduction in the threshold
for stimulation of M1 following 5Hz rTMS suggest that non-
invasive brain stimulation facilitated the cortical control of
force perhaps by moving M1 towards a more excitable state.
To better understand the mechanism(s) of these improve-
ments, future studies should attempt to quantify dopamine
release in different areas of the brain, but especially in the BG,
after 5Hz rTMS over SMA in individuals with PD.

In addition, we noted that participants improved sig-
nificantly in writing size for upstrokes as compared to
downstrokes after 5Hz rTMS over SMA. This is contrary
to our hypothesis and may be attributed to the fact that
individuals with PD have more tonic activation of flexor
muscles and reduced control of wrist flexion [22]. Writing
curved loops involve finger and wrist extension for upstrokes
and finger/wrist flexion for downstrokes. Therefore, rTMS
may have facilitated the easier movement of wrist extension
(required by upstrokes). Alternatively, it is possible that faster
downstrokes resulted from the larger amplitude ofmovement
upward. Future studies should endeavor to use of EMG over
the wrist flexors and extensors to directly assess the impact
of 5Hz rTMS over SMA on muscle activity. However, our
handwriting data do indicate that participants were able to
generate larger letters at their preferred speed following 5Hz
rTMS over SMA as compared to after control rTMS. It is
possible that improved handwriting was attributable to better
overall muscular control following stimulation.

We also revealed main effects of time for peak vertical
velocity. Since both groups improved, the possibility of a
placebo effect cannot be excluded [20]. In fact, placebo
effects have been noted to induce an endogenous dopamine
release in the BG [36]. However, it is also possible that these
effects were attributable to a practice effect. Given that each
individual in the present study was in the declining phase
of his or her medication cycle, demonstration of improved
performance associated with a repetition of the handwriting
task is not trivial. The possibility that skilled motor practice
improved handwriting provides support for future motor
learning and rehabilitation trials of this function in people
with PD.

A limitation of the present study was that all participants
were stimulated on medication. However, we did control
for medication cycle effects by testing individuals in the
same relative phase two hours before their next medication

dosage for each session. Secondly, small sample size may
have limited our findings. To control for variability in the
sample we employed a cross-over design and all participants
were both right handed and tested using their right hand. All
participants were naı̈ve to rTMS. In addition, none of the past
work has assessed the impact of rTMS on motor function,
therefore, it was difficult to calculate adequate sample size and
run corrections for multicomparisons. Thirdly, we applied
rTMS over Talairach coordinates for SMA, which may have
altered our ability to impact both flexion and extension of
wrist. Future studies may aim for more disperse delivery
of rTMS for more global effects. Other methodological
limitations may include the heterogeneity of participants in
terms of age and gender bias.

5. Conclusions

Taken together, results of the present study reveal that 5Hz
rTMS over the SMA can influence several key aspects of
handwriting including vertical size and axial pressure in
individuals with PD, at least in the short term. Although
the current study cannot elucidate the exact mechanism by
which 5Hz rTMS induced these effects, our data suggest
that brain stimulation over SMA altered excitability within
the BG-SMA-M1 loop, which led to greater M1 excitability
and improved handwriting function. The data reported here
represent a first step in determining the potential therapeutic
utility of rTMS over the SMA in individuals with PD.
In future, rTMS can be combined with other therapeutic
modalities for rehabilitation in individuals with PD. Given
our promising early results, future work should attempt to
elucidate the mechanism(s) associated with the changes in
function reported here and examine the cumulative impact of
repeated sessions of 5Hz rTMS over SMA onmotor function
in individuals with PD.
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