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Abstract

Transcranial magnetic stimulation (TMS) has shown promise as a treatment tool, with one FDA
approved use. While TMS alone is able to up- (or down-) regulate a targeted neural system, we
argue that TMS applied as an adjuvant is more effective for repetitive physical, behavioral and
cognitive therapies, that is, therapies which are designed to alter the network properties of neural
systems through Hebbian learning. We tested this hypothesis in the context of a slow motor
learning paradigm. Healthy right-handed individuals were assigned to receive 5 Hz TMS (TMS
group) or sham TMS (sham group) to the right primary motor cortex (M1) as they performed daily
motor practice of a digit sequence task with their non-dominant hand for 4 weeks. Resting cerebral

blood flow (CBF) was measured by H1°0 PET at baseline and after 4 weeks of practice. Sequence
performance was measured daily as the number of correct sequences performed, and modeled
using a hyperbolic function. Sequence performance increased significantly at 4 weeks relative to
baseline in both groups. The TMS group had a significant additional improvement in performance,
specifically, in the rate of skill acquisition. In both groups, an improvement in sequence timing
and transfer of skills to non-trained motor domains was also found. Compared to the sham group,
the TMS group demonstrated increases in resting CBF specifically in regions known to mediate
skill learning namely, the M1, cingulate cortex, putamen, hippocampus, and cerebellum. These
results indicate that TMS applied concomitantly augments behavioral effects of motor practice,
with corresponding neural plasticity in motor sequence learning network. These findings are the
first demonstration of the behavioral and neural enhancing effects of TMS on slow motor practice
and have direct application in neurorehabilitation where TMS could be applied in conjunction with
physical therapy.
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Introduction

Transcranial magnetic stimulation (TMS) is a sub-type of a well-established modality, i.e.
electromagnetic stimulation of excitable tissues, and provides a non-invasive alternative to
direct electrical stimulation. Since Barker et al.'s (1985) first successful application of TMS
in humans, investigators using TMS have published more than ten thousand peer-reviewed
publications including more than 1100 in 2009 (http://www.webofknowledge.com, topic =
“TMS” search). As a culmination of this extensive body of investigation, the Food and Drug
Administration has approved TMS for two indications (therapeutic use in major depressive
disorder (MDD) and diagnostic use in pre-surgical mapping), with additional clinical
indications in advanced stages of validation (Slotema et al., 2010).

The TMS induced Hebbian alterations in synaptic efficacy (1976), including both long-term
potentiation (LTP) and long-term depression (LTD) (Blitefisch et al., 2004) are thought to be
the cause of its therapeutic effects. In light of this, it is somewhat surprising that the current
emphasis is on the use of TMS alone as a treatment tool, while its uses as an adjuvant with
other Hebbian, learning-based interventions are few. For example, TMS is being used as a
sole treatment in various psychiatric disorders including MDD, schizophrenia, and anxiety
disorder. TMS adjuvancy chiefly has been explored in the context of short-term motor
learning (hours to few days) in normal subjects (Boyd and Linsdell, 2009; Butefisch et al.,
2004; Jung and Ziemann, 2009; Kim et al., 2004). However, to date, the effects of TMS over
longer periods of motor practice (weeks) have not been examined.

To explore the adjuvant effects of TMS, we used as a model treatment the well-established,
highly reliable skill acquisition paradigm introduced by Karni et al. (1995, 1998), and
Ungerleider et al. (2002). The Karni paradigm is a regimen of daily repetition (typically 15
min per day) of a five-stroke digit-movement sequence. The skill acquisition in this
paradigm is a classic example of Hebbian learning in both behavioral and
neurophysiological domains. Thus, it shares with TMS a common mechanism of inducing
neural plasticity (Butefisch et al., 2000; Rioult-Pedotti et al., 1998). In a series of published
studies, we and others have demonstrated changes in behavior as well as neuronal properties
such as cerebral blood flow and connectivity following slow motor practice (Doyon and
Benali, 2005; Karni et al., 1995; Ma et al., 2010, 2011; Xiong et al., 2009). Over the course
of weeks, performance scores (typically measured as the number of correct sequences per
unit time per session) increase monotonically to an asymptote. Such a time course of
learning (~4 weeks) is comparable to the typical durations used in cognitive, behavioral,
physical, and speech therapies. This 4-week approach gives this learning paradigm a much
greater translational relevance than the single-session learning paradigms typically used in
neuroim-aging and TMS studies.
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Neural systems mediating the incremental skill acquisition following digit sequence practice
(DSP) have been outlined by a series of imaging studies in humans using both PET and
fMRI (Doyon and Benali, 2005; Duff et al., 2007, 2008; Grafton et al., 1992, 2002; Karni et
al., 1995, 1998; Ma et al., 2010, 2011; Poldrack, 2000; Ungerleider et al., 2002; Xiong et al.,
2009). Brain regions engaged during slow skill learning include the primary motor cortex
(M1), premotor cortex, supplementary motor area (SMA), caudate, putamen, mesial
temporal areas including hippocampus, and cerebellum (Doyon and Benali, 2005; Doyon et
al., 2009; Ma et al., 2010, 2011; Orban et al., 2011; Xiong et al., 2009). These regions
broadly fall under two main networks, the cortico-cerebellar and the cortico-striatal
networks. M1 being common to both the networks, is therefore critically involved in skill
learning. Thus, due to the role it plays throughout learning, its connections to other brain
regions are important in motor learning, and its easy accessibility makes M1 an ideal target
site for TMS modulation.

The most common imaging metric used in examining the neural correlates of DSP is the
conditional contrast analysis (task minus control) that detects changes in activation patterns.
However, no consensus has emerged on the pattern or direction (positive or negative) of the
changes associated with motor learning. For example, different groups reported: continued
increases in cerebral blood flow in motor areas (Karni et al., 1995, 1998; Ungerleider et al.,
2002); a waxing and waning pattern of initial increases followed by a return to baseline
(Hlustik et al., 2004; Xiong et al., 2009); and decreases (Poldrack, 2000). As a way to
resolve these inconsistent results obtained by the traditional activation approach, our group
examined changes in control state i.e., resting cerebral blood flow (CBF) during motor skill
acquisition. We found that resting CBF rose significantly during a four-week course of
treatment using the Karni slow-learning paradigm (Xiong et al., 2009). In this study,
increases in activation (task-minus-rest contrast) were observed prior to the resting CBF
changes. Once the resting CBF changes were induced, the activation pattern returned to
baseline. These findings were inferred to be the result of a baseline accommaodation to the
neural demands of intense, daily skill rehearsal. Resting CBF measurement therefore is
different from traditional conditional contrast, correlational, and connectivity analyses, all of
which assume an unchanging control or resting measurements. Therefore, in the present
study, we measured changes in resting blood flow to examine the effects of TMS treatment
on neural networks engaged during skilled motor learning.

In proposing TMS as a treatment adjuvant, we specifically postulate that TMS adjuvancy
will be effective for repetitive physical, behavioral and cognitive therapies, that is, therapies
that are designed to alter the network properties of neural systems through Hebbian learning.
We are therefore hypothesizing that the combination of TMS with an established primary
treatment such as the Karni paradigm will enhance the efficacy of the primary treatment. In
order to test this hypothesis, we applied adjuvant TMS to the M1 area representing the hand
(M1pang), as participants simultaneously underwent a digit sequence training. We
hypothesized that the TMS applied to the primary motor cortex would modulate the activity
at the site of stimulation as well as in connected brain areas. We postulated that this
modulation would manifest behaviorally as a faster learning rate and/or greater plateau when
compared to DSP alone. Further, we anticipated that the imaging correlates of the TMS
modulation would be evident as increases in resting state CBF in the cortico-cerebellar, and
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the cortico-striatal networks. We expected that the resting CBF increases would be more
widespread when TMS was applied as an adjunct, when compared to DSP alone.

Secondarily, we investigated the effectiveness of TMS adjuvancy on transfer of skills to
non-trained domains by testing the ability of participants to perform the training sequence
with the untrained hand, and a mirrored sequence with both the trained and the untrained
hands. Based on previous reports (Boutin et al., 2012a,b; Korman et al., 2003), we
hypothesized that DSP would facilitate transfer during the early phase of practice (for
example, at the end of first week) and that further practice would not add to this gain.
However, we posited that TMS adjuvancy would result in continued gains in transfer of
skills through the four week practice period.

Fifteen healthy right-handed individuals (average age * standard error (SE) — 28.4 + 2.1
years, 9 males) were enrolled in the study after approval by the institutional review board at
the University of Texas Health Science Center at San Antonio. The right-handedness was
confirmed by Edinburgh handedness inventory (average + SE — 81 + 5.15; Oldfield, 1971).
An informed consent was obtained from all participants in accordance with the declaration
of Helsinki. Participants were randomly assigned to digit sequence practice (DSP) with
sham TMS (DSP + sham, n = 7) or DSP with TMS (DSP + TMS, n = 8) groups. One
participant (DSP + TMS group) discontinued after 1 week, 4 participants (two in each
group) ended their participation at 2 weeks, and ten participants completed the entire study.
In one participant in the DSP + TMS group who completed the study, defective sensors
resulted in significant loss of data over several training sessions. Therefore the data from this
participant was not included in the analysis. Therefore data from 14 participants (7 in DSP +
sham and 7 in DSP + TMS group) who completed the first week of the study and 9
participants (5 in DSP + sham and 4 in DSP + TMS group) who completed 4 weeks of study
were further analyzed and reported here. All participants were naive to TMS and the
measurements of the study prior to enrollment. However, all participants experienced real
TMS as motor threshold was estimated in all at the beginning of the study. During the
treatment sessions, all participants were informed that they may not feel any muscle
contraction, and at the end of the experiment, all participants stated that they were not
cognizant of their group assignment.

Motor practice paradigm

The behavioral training protocol used was a five-movement, four-finger digit sequence task
(Karni et al., 1995, 1998). The Karni task was performed with the subject's non-dominant
hand (left hand) in order to provide a greater dynamic range for the behavioral measure of
skill acquisition. The fingers were numbered as follows: index finger, 1; middle finger, 2;
ring finger, 3; and little finger, 4, and the sequence: 4, 1, 3, 2, and 4 was assigned to be
practiced. Practice consisted of performing the training sequence with no visual feedback as
rapidly and accurately as possible. During the training program participants performed the
training sequence for 16 min daily, 5 days/week, for 4 weeks.

Neuroimage. Author manuscript; available in PMC 2015 February 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Narayana et al.

Page 5

To test the transfer of skills to the non-trained domain, we examined the ability of
participants to transfer the training sequence also termed extrinsic transformation (Boutin et
al., 2012a,b) by having the participants perform the training sequence with their right hand.
Next, to assess the degree of generalization of the motor skills, i.e., intrinsic transformation,
we tested the performance of a mirror sequence, namely 4, 2, 3, 1, and 4 with both hands.
The participants performed the training sequence with the right hand, and the mirror
sequence with both hands, each 2 min long, at baseline and at the end of each week of
practice.

Force sensitive resistor system to record performance

Each practice session was monitored by a force sensitive resistor (FSR) system developed
by our group and validated against a standard video recording (Rogers et al., 2010). In this
system, the voltage measured across the voltage-divider resistor is proportional to the
pressure on the FSR attached to each digit tip. The voltage is sampled at 100 Hz. Recorded
voltage data from all digits were processed using a MATLAB 7 (Math Works, Natick, MA)
program with a graphical interface. A voltage threshold was used to determine a finger press
and the time that the voltage was above threshold determined the press duration. The
thresholded presses were then compared to the reference sequence to determine the number
of correct sequences in the session and the duration of each sequence. All presses performed
during each practice session were recorded in each participant and used to calculate the
number of correct sequences, and the time taken to perform each sequence for each day of
practice. The transfer sequences were also processed in the same manner to derive the
number of correct sequences at each testing point.

Image guided TMS targeting

The aiming for TMS (or sham TMS) was based on treatment plans developed from high-
resolution anatomical and functional MRI (3T-TIM, Siemens, Germany). Anatomical
images were acquired as 1 mm3, using a 3-D Turbo-FLASH sequence with an adiabatic
inversion contrast pulse (TE/TR/TI = 3.04/2100/785 ms, and flip angle = 13°). Gradient
echo planar images (TE/TR = 45/2000 ms, a flip angle of 90°, and slice thickness = 6 mm,
20 slices, resolution of 3 x 3 mm?2) were acquired during the abduction and adduction of the
left index finger in a block design (30 s — finger abduction—adduction alternating with 30 s
of rest). This task has been shown to maximally activate the first dorsal interosseous (FDI)
muscle (Cramer et al., 2002; Rabago et al., 2009).

Image preprocessing was done to remove non-brain tissues, correct for image intensity
fluctuations and RF inhomogeneities, and register the brain to the anatomical MRI using
image processing tools from the publicly available package FSL (Smith et al., 2004) (http://
www.fmrib.ox.ac.uk/fsl/). A general linear model was employed to determine voxel-wise
differences in activation patterns during task and rest conditions and statistical parametric
image of z scores (SPI{z}) were generated and thresholded for a z > 2.3 and a cluster
significance threshold of p = 0.05 (corrected for false discovery rate). The TMS target site
was selected by identifying the center-of-mass of region of maximal activation in the right
M1ang area. The optimal orientation of the TMS E-field at this location was determined
based on the cortical column cosine principle (Fox et al., 2004) incorporated in the TMS

Neuroimage. Author manuscript; available in PMC 2015 February 17.


http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Narayana et al.

Page 6

planning tool of the irTMS system (Lancaster et al., 2004) (see Fig. 1). On each day of TMS
or sham TMS, the participants were positioned on a padded bed, their head immobilized,
and the irTMS system was used to accurately place the TMS coil at the planned scalp
location and orientation for the right M1;5,4 area.

TMS treatment and delivery

TMS was delivered to the right M1,04 With a water-cooled figure-B coil powered by
Cadwell HSMS unit (Cadwell, Inc.; Kennewick, Washington). Electromyography (EMG)
was recorded from the FDI, abductor digiti minimi, and more proximal muscles such as
biceps and deltoids using pre-amplified double differential MA-411 electrodes (Motion Lab
Systems, Baton Rouge, LA) placed over the muscle bellies. The electrodes were connected
to a Neuroscan SynAmps 32 channel head box and amplifier with a CMRR of 108 dB
(Neuroscan, El Paso, Texas). Silver/silver chloride disc (1 cm dia.) electrodes were used as a
skin ground placed on the left ulnar styloid process. EMG was band-pass filtered from 10
Hz to 500 Hz with a 500x gain prior to sampling (2.5 kHz). The motor evoked potential
responses were elicited in the FDI muscle using single pulses of TMS delivered randomly
every 5-7 s. Each participant's motor threshold (MT) was determined on the first day of
practice using a standardized method (Rossini et al., 1994) defined as the minimum stimulus
intensity that produced a motor evoked potential = 100 p-volts in 50% of trials during
complete muscle relaxation.

TMS treatment was applied to participants randomized to the DSP + TMS group. TMS
treatment consisted of 6000 pulses delivered to the right M1;,5,4 at the rate of 5 Hz, and an
intensity of 100% MT. TMS was applied at 5 Hz since 5 Hz TMS has been shown to
increase neuronal excitability (Peinemann et al., 2004; Ragert et al., 2003), and improve
motor performance in healthy adults (Kim et al., 2004; Siebner et al., 2000). Since low
intensity TMS (subthreshold) applied to the motor cortex results in local effects only, and
suprathreshold TMS results in propagation of activity to remote connected regions (Fox et
al., 2006; Siebner and Rothwell, 2003), the intensity of TMS was fixed at 100% of the motor
threshold to ensure propagation of the activity downstream to the cortico-spinal tracts, while
keeping within the TMS safety guidelines (Rossi et al., 2009; Wassermannn, 1998). The
TMS was delivered over an hour and comprised of 4 sessions, as shown in Fig. 2. Each
session included 6 blocks, each of which consisted of 5 trains of TMS (50 pulses/train and
inter-train interval of 5 s) with an inter-block interval of 60 s. The intersession interval was
240 s. This combination of rate, duration, and intensity is within the safety guidelines (Rossi
et al., 2009; Wassermannn, 1998). TMS was given five days a week: Monday through
Friday. EMG from the FDI, abductor digiti minimi, biceps, and deltoids were monitored for
safety (Wassermannn, 1998). The EMG was observed for any signs of after discharges or
any other abnormal EMG activity during the entire TMS session. The participants in the
DSP + sham group received sham TMS. Sham TMS was applied in the same manner as real
TMS, but with a spacer, 30 mm thick placed between the TMS coil and the subjects' scalp.
The E-field at the front end of the spacer was 75% less than the front of real TMS caoil, but
the feeling of coil on the scalp and the sound from the TMS coil were similar to the real
TMS condition. The DSP was interleaved with TMS sessions so that the participants
practiced the digit sequence task during the inter-session intervals (see Fig. 2). The
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participants were instructed to execute the sequences as quickly and as accurately as
possible.

Modeling of accuracy of performance

We used an accumulation model of learning based on a hyperbolic function (Mazur and
Hastie, 1978) that has been shown to fit motor learning data better than an exponential
function and provides additional parameters of learning. This model is defined by the
equation

ottt

where, y is the amount of learning, t is the amount of time or training, tg is the amount of
initial training and accounts for differences in prior skill, k is the asymptote for learning, and
R determines the rate of convergence to the asymptote (Mazur and Hastie, 1978; Newell et
al., 2001). In this model, learning is thought to be a process by which correct response
tendencies increase steadily with practice, and compete with incorrect response tendencies,
which remain constant. R in this model represents this competition, and larger values of R
indicate increased tendency to produce incorrect responses, i.e., slower rates of learning
(Newell et al., 2001). It is important to note that while this model is well suited to analyze
the accuracy (in this case the number of correct sequences per unit time), the reaction times
are still best modeled by an exponential function. Using the hyperbolic function, we
modeled the behavioral data scores and calculated the parameters k, tg and R for each
participant. Based on these parameters, we also estimated the time to reach 50% of
asymptote (Tsg). A repeated measures two-factor ANOVA with days of practice and
treatment (sham vs. TMS) as factors was performed on the parameters derived from the
hyperbolic model for each participant.

PET imaging
PET data were acquired with a CTI EXACT HR scanner (Knoxville, TN). Sixty-three
contiguous slices (2.5-mm thick) in a transaxial field of view of 15.5 cm were acquired.

Water labeled with oxygen-15 (H1°0, half-life 122 s) was administered intravenously (155

MBq H1°0 /scan) and cerebral blood flow (CBF) was measured using a bolus technique
(Fox et al., 2000, 2006). Data was collected after bolus arrival in the brain (15-20 s after
injection) for 90 s. Images were corrected by measured attenuation using $8Ge/®8Ga
transmission scans and reconstructed at an in-plane resolution of 7-mm full width at half
maximum (FWHM) and an axial resolution of 6.5-mm FWHM. Participants' heads were
immobilized in the PET scanner using individually fitted, thermally molded, plastic face
masks (Fox and Raichle, 1984). Each participant was studied in two sessions: before
beginning DSP and immediately after completion of 4 week DSP. During both sessions, the
participants underwent two measurements of CBF during eyes closed rest condition.

PET data preprocessing

Image preprocessing was performed using previously validated methods and in-house
software. PET images were corrected for head motion using the MCFLIRT tool in FSL 4.0
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(http://www.fmrib.ox.ac.uk/fsl/) and PET and MRI images were spatially transformed
relative to the stereotaxic atlas of Talairach and Tournoux (1988) (Lancaster et al., 1995,

1997). Regional tissue uptake of H1°0 was globally normalized to whole rCBF brain mean
value with images scaled to a mean of 1000 counts. These value and spatially normalized
images were tri-linearly interpolated, re-sampled (60 slices, 8 mm3 voxels), and Gaussian
filtered to a final resolution of 9.9 mm (FWHM). Further data analyses were performed
using MIPS software (Multiple Image Processing Station, Research Imaging Institute, UT
Health Science Center at San Antonio, TX) and MANGO (Multi Analysis GUI,
ric.uthscsa.edu/mango).

PET data analysis

Results

Conditional contrast analysis—~For each subject, voxel-by-voxel pairwise contrasts
were generated for baseline and after 4 weeks of DSP to identify regional CBF changes
present during rest. Within-subject regional changes were then averaged across the subjects
in each of the two groups. A maxima and minima search was then used to identify local
extrema within a search volume measuring 1000 mm3 (Fox and Mintun, 1989; Fox et al.,
1988; Mintun et al., 1989). A gamma 1 statistic measuring skewness and gamma 2 statistic
measuring kurtosis of the distribution of the extrema established before post hoc analysis
were used as an omnibus test to assess overall significance. We confirmed that for the 4
week DSP vs. baseline contrasts, the gamma 2 statistic for all the masked voxels and for the
extrema set were significant. The group-mean subtraction images from both sessions were
then converted to statistical parametric images of z scores (SP1{z}). Brain regions with
increases in CBF post DSP with z score > 3, p > 0.005 (false discovery rate corrected g =
0.05), and cluster size > 200 mm? are reported.

Volume of interest analysis—To further confirm the hemodynamic differences between
preand post-DSP conditions in the two groups, the brain regions that were observed to have
increased CBF at 4 weeks were probed in the value normalized PET data. Eleven volumes
of interest (VOIs) were selected subject by subject for investigating motor learning effects.
These brain areas have been shown to be involved in motor skill learning (Doyon and
Benali, 2005; Doyon et al., 2009; Karni et al., 1998; Xiong et al., 2009), and were observed
to have increased CBF in the conditional contrast analysis. These included the right and left
primary motor areas (M1), right sided supplementary motor area (SMA), lateral premotor
cortex (PMd), cingulate cortex, putamen, hippocampus, amygdala left sided cerebellum, and
bilateral inferior parietal lobule (BA 40). The locations of the VVOIs were centered on the
center of mass of clusters of increased CBF observed the post vs. pre DSP resting state
either in the sham group or the TMS group. The size of each VOI was standardized and was
5 x 5 x 5 voxels (1000 mm3). The averaged value normalized PET counts from each VOI
from the two groups were assessed for significant differences by a paired T-test.

Performance: accuracy

There were no statistically significant differences in age, degree of handedness, baseline
performance, location of M1;;,4, and the motor threshold between the two groups (see
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Table 1). However, ANOVA of the number of correct sequences revealed significant
difference between baseline and subsequent week performance in both groups (DSP + sham:
F (4, 24) =24, p <0.00003, DSP + TMS: F (4, 19) = 4.2, p = 0.018). Similar to our previous
reports (Xiong et al., 2009), there were no significant differences between week 2 and week
4 of the learning in either group, indicating that most of the learning happened in the first
two weeks.

Fig. 3 shows the average performance of the finger sequence task in DSP + sham and DSP +
TMS groups during the first week (panel A) and over the entire 4 weeks of practice (panel
B). A two-factor ANOVA with repeated measures comparing the behavioral data between
the two groups (DSP + sham and DSP + TMS) and 5 time points (baseline, week 1, week 2,
week 3, and week 4) revealed a significant difference between the two groups (F (1, 44) =
11.82, p = 0.0017). Specifically, the two-factor ANOVA across the two groups and the time
points of baseline and week 1 was significantly different for groups (F (1,13) =6.27, p =
0.027), indicating that the two groups diverge during the first week. The performance during
the first week was modeled as a linear function (Fig. 3 panel A). The rate of increase in
performance in the DSP + TMS group was 5.01 + 0.77 sequences/day (average + SE) and
3.17 + 0.33 sequences/day in the DSP + sham group (p = 0.048).

The performance data over the entire 4 weeks fit the hyperbolic function well in all the
participants (n = 9). The parameters k, R, tg, and Tgg were calculated for each participant,
and averaged, and are listed in Table 2. The parameter R, the rate of learning expressed as
days (a larger R indicates a longer time taken to reach plateau) was significantly shorter for
the DSP + TMS group when compared to DSP + sham group (2.79 + 0.69 days versus 5.02
+ 0.68 days; F (1, 7) = 5.86, p = 0.046), i.e., the DSP + TMS group reached the plateau
significantly faster than the DSP + sham group. Similarly, the Tsq also reflected this
difference with the DSP + TMS group reaching 50% of asymptote in 4.78 + 0.91 days while
the DSP + sham group reached this point in 8.17 £ 1.01 days (F (1, 7) = 6.77, p = 0.035).
The parameters k (the asymptote for learning), and ty (a measure of baseline skill) were not
significantly different between the two groups.

Performance: timing

At baseline, the average time to complete a sequence was 1.87 s for the DSP + sham group
and 1.75 s for the DSP + TMS group (p = 0.80). There was a significant improvement in the
time to complete the sequences over the training period in both groups (Fig. 4). A two way
ANOVA with repeated measures demonstrated a significant decrease in sequence
completion times in both groups (F (20, 249) = 6.73, p < 0.00003) as well as between the
two groups (F (1, 249) = 9.18, p = 0.0028).

Performance: transfer

At baseline there were no differences between the DSP + sham and DSP + TMS groups in
the performance of the training sequence with the right hand (p = 0.26) as well as the
mirrored sequence with left (p = 0.68) and right (p = 0.59) hands. A two way ANOVA with
repeated measures revealed significant effect of time on the number of correct sequences
between baseline and each week of training in both the DSP + sham and for the DSP + TMS
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groups, across all three transfer conditions (Fig. 5). Thus, there was significant transfer of
skills for performing the trained sequence with the right hand (F (4, 20) = 19.07, p <
0.0005), as well as for performing the mirrored sequence with both hands (left hand — F (4,
20) = 19.21, p < 0.0005; right hand — F (4, 20) = 14.619, p < 0.0005) over the duration of
training. Specifically pairwise comparison of the trained sequence task with the right hand
indicated that in both groups, the baseline was significantly different from all other time
points (p < 0.01), week one was also different from weeks 3 and 4 (p < 0.05), and no further
differences between weeks 2, 3 and 4, indicating perhaps a plateau in skill transfer by the
end of the second week. In case of the mirror sequence task with the left hand in both
groups, the baseline was significantly different than all other time points (p < 0.006), and so
was week 4 (p < 0.003), indicating that the intrinsic transfer of skills was ongoing in both
groups. For the mirror sequence task with the right hand in both groups, the baseline was
significantly different than all other time points (p < 0.01), week 1 was different than weeks
2, 3,and 4 (p < 0.02), and no further differences between weeks 2, 3 and 4. However, there
was a time x group interaction ((F 4, 19) = 2.724, p = 0.053) indicating that the rate of
performance change was different for the two groups over the training period.

Resting CBF correlates of rTMS treatment

Conditional contrast analysis—Significant increases in resting CBF was observed in
several brain regions at 4 weeks compared to baseline in both the DSP + sham and DSP +
TMS groups and are listed in Table 3, and illustrated in Fig. 6. Consistent with previous
published literature (Xiong et al., 2009), resting CBF was increased in the right M1psn4, and
PMd following 4 weeks of DSP in both the DSP + sham and DSP + TMS groups. In
addition, we found increased resting CBF in brain areas specifically engaged during the fast
learning phase of motor learning in both groups. The DSP + sham group had increases in
resting CBF in the right precuneus, thalamus, bilateral posterior cingulate cortex, and left
sided cerebellum. In the DSP + TMS group, increased CBF was observed in the right
putamen, left caudate, left cerebellum, right me-dial temporal lobe including the amygdala,
and parahippocampus (see Table 3, and Fig. 6).

VOI analysis—VOlI analysis confirmed the findings from the conditional contrast analysis
(see Fig. 7). The resting CBF in the right M1p4,4, SMA, PMd, and inferior parietal lobule
(BA 40) was significantly increased in both groups after 4 weeks of DSP (p < 0.05). In
addition, the resting CBF in the left sided M1y,,q and BA 40 was significantly increased (p
< 0.05) at the end of training in the DSP + sham group, while CBF in the right cingulate
motor cortex, putamen, hippocampus, amygdala, and the left cerebellum was significantly
increased (p < 0.05) after 4 weeks only in the DSP + TMS group (Fig. 7).

Safety of rTMS

TMS was tolerated by all participants, and no serious adverse effects were noted during the
study duration in either group. Each participant in the DSP + TMS group received a total of
120,000 pulses of TMS (6000 pulses a day for 20 days). Minor adverse effects observed
were transient hearing loss in one participant in the DSP + sham group (hearing returned to
baseline 3 months later), and discomfort at the site of stimulation and tingling of teeth in two
participants in the DSP + TMS group. This, is the first demonstration of the safety of 5 Hz

Neuroimage. Author manuscript; available in PMC 2015 February 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Narayana et al.

Page 11

TMS delivered to the primary motor cortex at 100% of motor threshold over a period of 4
weeks.

Discussion

In this report, we investigated the adjuvant application of TMS to augment motor
performance in healthy volunteers. We applied 5 Hz TMS concomitantly as participants
practiced a digit sequence task daily for 4 weeks. We replicated the improvements in motor
performance seen following training on a digit sequence task (Karni et al., 1995; Xiong et
al., 2009). We also demonstrate that adjuvant application of TMS with the digit sequence
task significantly augments motor performance. The effect of TMS was demonstrated to be
an increase in the rate of learning early in the training period with concomitant decrease in
time taken to perform each digit sequence. Next, we demonstrate that the slow motor
practice also results in improved generalization of motor skills indicated by sustained
transfer in both extrinsic and intrinsic domains. This transfer effect was present in the TMS
adjuvant group as well, and in fact, intrinsic transfer of motor skills was significantly
improved by TMS adjuvancy. We also demonstrate for the first time, the neural correlates of
the TMS induced augmentation in motor performance in the context of slow motor learning.
The positive effects of TMS adjuvancy are mediated via an increase in the resting state
activity in the network that is engaged during motor skill acquisition. The TMS induced
increases in resting cerebral blood flow was seen in the cortico-striatal and cortico-cerebellar
networks, and extended to cortical areas mediating attention and memory. Our findings are
consistent with previous reports of beneficial effects of non-invasive stimulation in healthy
adults (Boyd and Linsdell, 2009; Butefisch et al., 2004; Kim et al., 2004; Pascual-Leone et
al., 1998). To the best of our knowledge, this is the first demonstration of the enhancing
effects of 5 Hz TMS adjuvancy on slow motor practice over a long time period (4 weeks).

Motor learning paradigm as a model treatment

As a treatment model, the digit sequence task used in this study offers numerous advantages.
First, the skill acquisition is a classic example of Hebbian learning both behaviorally and
neurophysiologically. In a series of published studies, we and others have used functional
neuroimaging and neural-system modeling to demonstrate changes in the network properties
of the multi-regional network recruited by the task (Doyon et al., 2009; Ma et al., 2010,
2011; Xiong et al., 2009). Second, the time course of learning (~4 weeks) is as comparable
to the typical durations used in cognitive and behavioral therapies, physical therapy and
speech therapy. This property gives this learning paradigm much greater translational
relevance than the single-session learning paradigms typically used in neuroimaging and
TMS studies. Third, the performance of interest is readily recorded by virtue of being overt,
i.e., involving a motor behavior. In our current study, we used a finger-mounted force
sensing system (Rogers et al., 2010), which automatically records each finger stroke. Fourth,
performance gains are highly reliable and readily modeled. The accumulation model of
Mazur and Hastie (1978) fit these data extremely well, even at the single-subject level. Fifth,
the treatment is completely “portable”, in that it can be self administered in virtually any
setting. Sixth, substantial performance gains accrue in normal subjects, allowing treatment
efficacy and logistics (identifying the optimal rate, duration, and intensity of TMS, length of
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TMS administration etc.) to be thoroughly explored and refined prior to initiating clinical
trials in patient populations. Seventh, the task can be readily performed in PET or MRI
scanners (unlike most physical therapies), allowing imaging assessment of the mechanism
action of treatment during actual task performance. Collectively these properties make the
digit sequence task used in this study an outstanding model treatment for testing the
hypothesis of TMS adjuvancy for Hebbian learning.

Primary motor cortex as a target for TMS treatment

In the current study, we demonstrate that TMS applied to M1;;,4 area augments both the
motor behavior and the resting brain activity that accompanies DSP. Behaviorally, both rate
of skill learning, and the time to perform each correct sequence were significantly improved
in the DSP + TMS group when compared with the DSP + sham group. Neural correlates of
this augmentation were seen as increases in resting CBF in the cortico-striatal and cortico-
cerebellar networks. Similar to our findings, studies with short duration of TMS and
transcranial direct current stimulation (tDCS) applied to M1 have demonstrated
augmentation in motor skill learning (Butefisch et al., 2004; Jung and Ziemann, 2009; Kim
et al., 2004; Reis et al., 2009).

Several studies point to the critical role M1 plays across various stages of skill learning. For
example, destroying dopaminergic projections to the motor cortex abolishes skill acquisition
(Hosp et al., 2011) indicating that M1 is needed for skill acquisition. Local changes in
synaptic efficacy such as LTP (Ziemann et al., 2004) as well as increases in the size of
motor maps and corticospinal excitability (Pascual-Leone et al., 1995) have been
demonstrated in M1 following sequence motor learning. Inhibitory theta burst TMS has
been shown to impair motor learning involving rapid finger movements, but only when
applied during the early stages of motor practice (Platz et al., 2012a,b). Daily application of
tDCS to M1 daily had a beneficial effect, while weekly application did not alter motor
behavior supporting the notion that M1 is engaged during the early stages of learning
(Boggio et al., 2007). Such findings demonstrate the critical role of M1 in early stages of
skill acquisition. Synaptogenesis and motor map reorganization in M1 have been shown to
occur during the late phases of skill learning (Kleim et al., 2004) indicating to the role of M1
in consolidation of motor skill. M1 is also a major cortical output to descending motor
commands. Thus, important aspects of skilled motor performance are maintained in the
primary motor cortex and its output system (Gentner et al., 2010) and may also relate to
storage of muscle combinations arising through a practice related neuronal activity. Our
current findings, and existing literature collectively indicate that M1pnq is indeed an
important target for TMS treatment. Its ready accessibility, and ease of TMS application
make M1 a principal target for TMS treatment especially in motor rehabilitation studies.

Effects of TMS on motor behavior

Here, we have demonstrated that adjuvant TMS applied to M1panq influenced motor
behavior in the first week, as shown by faster rate of skill acquisition (Table 2 and Fig. 3).
The rate of learning or time constant R in DSP + sham group of 5.02 is similar to previously
published data (Xiong et al., 2009), and was significantly reduced to 2.79 days in the DSP +
TMS group. There were differences in baseline performance between the two groups (p =
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0.06) even though the two groups did not differ in the time taken to perform the sequence (p
= 0.80), perhaps indicating to a wide range in individual motor skills. However, each
participant showed significant improvement following DSP and the modeling of the slope of
the learning curve independently showed that TMS accelerated skill learning. Such TMS
induced behavioral enhancement has been reported previously in the context of short term
sequence learning (Kim et al., 2004; Pascual-Leone et al., 1999) and even in the absence of
any motor practice (Yoo et al., 2008). We observed that the behavioral gain in this study was
mediated by increased speed (Fig. 4). Increases in speed following adjuvant TMS can be a
result of improved error correction and sequence ordering that happens early in learning
(Penhune and Steele, 2012). Contrary to changes in speed that happens early in learning,
strategy changes such as chunking emerge much later in the learning process (Orban et al.,
2011; Penhune and Steele, 2012). In our study, even though we did not specifically examine
late stage strategy change, we observed that the initial gain in timing was maintained
throughout 4 weeks. Thus, modulation of M1 with TMS during motor practice increased the
rate of learning and speed of sequence performance across early and late stages of skill
acquisition.

We also examined another important aspect of motor learning, namely transfer of skills. We
found that practicing the training sequence also enhanced the performance of that sequence
with the untrained hand (right hand in this study) and performance of a mirrored sequence
with both hands. The transfer of skills to non-trained domains is an integral part of skill
acquisition and is acquired through two separate cortical systems. One system mediated by
attention and memory networks, encodes spatial co-ordinates early in training and is flexible
and therefore more readily generalized (Korman et al., 2003). Such a transfer mechanism is
also termed intrinsic transformation. However, prolonged practice appears to enhance skill
acquisition via a system based on motor co-ordinates that is not conducive to transfer of
skills to other motor domains. This movement specific representation is also called extrinsic
transformation. Thus, prolonged practice appears to hinder successful transfer (Boutin et al.,
2012a; Korman et al., 2003). Contrary to our initial hypothesis, we found that prolonged
practice (4 weeks) resulted in significant transfer of skill learning to non-trained domains,
and it was not adversely affected by TMS adjuvancy (see Fig. 6). Recently, Boutin et al.
(2012b) have demonstrated that testing with non-trained sequences between extended
practice sessions, especially during early periods promoted greater generalization of both
extrinsic and intrinsic components. They propose that the retrieval caused by testing during
the process of memory encoding (during the practice period) enhances transfer. Our findings
support this observation since the participants performed the transfer tasks during skill
acquisition, at the end of each week of training. Brain regions such as the motor cortex,
cingu-late gyrus, superior parietal lobule, inferior parietal lobule, and cerebellum have been
shown to correlate with transfer of learning (Seidler and Noll, 2008). These very regions
also demonstrated an increased resting CBF following slow motor practice in the present
study, more so with TMS adjuvancy. The significant improvement in intrinsic transfer seen
with TMS treatment (Fig. 6) could be explained by the increases in resting CBF in the motor
cortex, cingulate cortex, and cerebellum in the TMS group. Recently, Lefebvre et al. (2012)
have shown that dual tDCS, and not sham conditions resulted in greater generalization to
other motor tasks in stroke patients undergoing motor training. Thus, slow practice that
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includes repeated testing and adjuvant TMS appears to improve transfer of skills, a factor
that is especially important in the context of neuro-rehabilitation.

Effects of TMS on motor network

In the current study, we have identified the neural correlates of improved motor performance
following TMS adjuvancy. We demonstrate that TMS adjuvancy during motor practice
targets the brain regions engaged in motor learning and that the effect of TMS is more
extensive than motor practice alone. TMS resulted in increased resting CBF in brain areas
that are normally recruited during motor learning, such as the primary motor cortex, SMA,
PMd, and inferior parietal lobule, and additional increases in resting CBF were noted in the
cingulate cortex, putamen, cerebellum, hippocampus and amygdala. Thus, there is a greater
engagement of cortical regions engaged in attention, and memory, subcortical regions such
as the putamen, and the cerebellum. Conversely we also found that motor practice alone
resulted in increases in the contralateral motor cortex and inferior parietal lobule that was
absent in the DSP + TMS group. Thus motor skill learning may engage disparate neural
systems such as recruiting the contralateral hemisphere (as in the case of motor practice),
and using cortical and subcortical regions in the same hemisphere (as in the case of TMS
adjuvancy).

Brain areas implicated in motor learning are differentially engaged during various stages of
skill learning (Doyon and Benali, 2005; Doyon et al., 2009; Ma et al., 2010, 2011; Orban et
al., 2011; Xiong et al., 2009). For example, the frontal associative region areas, associative
sections of striatum (dorsal and anterior parts of putamen), and motor cortical areas
(including M1, SMA, PMd), and cerebellum, and part of the cortico-cerebellar network are
activated during task performance in the fast learning state. Recent studies have also
demonstrated the role of medial temporal regions including the hippocampus, and amygdala
during this early phase (Albouy et al., 2008; DeCoteau et al., 2007; Schendan et al., 2003).
As the skill acquisition evolves, the activation pattern moves from the associative striatum to
the sensorimotor striatum (posterior ventral part of putamen), namely the cortico-striatal
network. Similar shift has been seen in the cerebellum where the activation pattern during
task performance moves from the cerebellar cortices to the cerebellar nuclei (Doyon et al.,
2009). These findings have been incorporated into a neurobiological model of motor skill
learning (Doyon and Benali, 2005; Doyon et al., 2009) that proposes an integrated view of
the brain plasticity mediating motor memory formation at different stages of the acquisition
process. Such a theoretical model permits us to make testable predictions with regard to the
level at which an intervention (TMS, tDCS, physical therapy etc.) would mediate its effects.
Based on this neurobiological model we hypothesized that TMS intervention should occur in
the early learning phase when several brain regions including M1 are undergoing rapid
changes. Indeed the behavioral and imaging findings presented here support with this
argument.

TMS stimulation of M1 appears to augment the cortico-striatal loops as well as the cortico-
cerebellar loops engaged during early stages of motor learning as indicated by resting CBF
changes reported here. While DSP alone resulted in increases in resting CBF in the M1,
premotor cortex, cingulate cortex, thalamus, and cerebellum, TMS adjuvancy resulted in
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increases in resting CBF extending to the striatum, substantia nigra, amygdala, and
parahippocampus. TMS appears to improve motor performance by engaging the same
network involved in skill learning, and by causing more pervasive changes. Thus, resting
CBF increases in the amygdala, parahippocampus, striatum, substantia nigra, and
cerebellum seen with TMS adjuvancy indicates stronger engagement of memory and motor
networks. Prior to this study, the effects of TMS treatment motor networks have been
investigated in the setting of task specific activation paradigms, that too in the context of
TMS applied without DSP. Pascual-Leone et al. (1998) have demonstrated that 10 Hz
subthreshold TMS resulted in increased activation in the stimulated M1 during task, while 1
Hz reduced activation at M1, but increased activation in the SMA and contralateral M1 —
indicating that modulatory effects of TMS are not limited to the site of stimulation.
Similarly, increased activation in motor network was observed following 10 Hz rTMS single
session of 1000 pulses (Yoo et al., 2008). Thus, the behavioral and resting CBF changes
reported here fit well in the theoretical framework, and indicate to the stage of skill learning
when TMS can be applied to augment motor performance. We have demonstrated that TMS
applied early in motor learning improves motor performance. These findings however are
considered preliminary because of the small number of participants as well as subtle changes
in the resting CBF, and further studies with larger sample size are needed to confirm our
observations.

Mechanism of action of TMS

The behavioral and baseline blood flow augmentation resulting from TMS adjuvancy
observed in this study can result from several mechanisms. Factors such as enhanced
cortical excitability, increased effective synaptic transmission — LTP (Kim et al., 2006),
expanded movement representation (Kleim et al., 2003), and greater offline consolidation
(Reis et al., 2009) can all improve behavior and resting CBF. These changes result in a more
synchronized firing and an enhanced synaptic transmission, a consequence of which is
improved speed. Indeed, the resting CBF increases in M1 and connected brain regions
reported here support this argument. A recent resting state fMRI study has indicated that
tDCS can alter the intrinsic functional architecture of M1 such as increasing local
connectedness, and enhancing long distance functional communication within M1 (Polania
etal., 2012). It is possible that TMS can result in similar functional reorganization at the site
of stimulation. The mechanism of action of TMS induced facilitation of motor transfer is not
well understood, and merits further investigation.

TMS parameters: rate, intensity, and duration

Two important parameters that influence the outcome of TMS adjuvancy are its rate and
intensity. Higher frequencies of TMS generally have shown facilitation while rates less than
1 Hz have demonstrated inhibition at least in the motor system (Chen et al., 1997; Ridding
and Rothwell, 2007). Consistent with this principle, 5 Hz and 10 Hz TMS applied to the
primary motor cortex has demonstrated increased neuronal excitability (Peinemann et al.,
2004; Ragert et al., 2003), and improved motor performance (Kim et al., 2004; Pascual-
Leone et al., 1999; Siebner et al., 2000; Yoo et al., 2008). In order to identify the optimal
rate to drive the motor cortex our group used a TMS/PET baboon model (Salinas et al.,
2011) to investigate the rate of TMS needed to optimally stimulate the motor cortex.
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Cerebral blood flow was measured during 3 Hz, 5 Hz, 10 Hz, and 15 Hz TMS applied to
ML1. The data demonstrated that the CBF response was optimal at 5 Hz rTMS not only at the
site of stimulation, but also in the connected motor areas (Salinas et al., 2013). In addition,
we found no significant CBF changes at any rTMS frequency in the homologous
contralateral M1panq region. These results are consistent with those demonstrated in
previous human rTMS studies (Siebner et al., 2001). We therefore propose that TMS applied
at 5 Hz can optimally modulate the activity at primary motor cortex and in connected areas.

Low intensity TMS (subthreshold) applied to the motor cortex results in local effects. This is
consistent with the finding that at 5 Hz, subthreshold intensity of TMS did not improve
motor performance, even though excitability of M1 was increased (Agostino et al., 2007).
Suprathreshold TMS results in propagation of activity to remote connected regions (Fox et
al., 2006; Siebner and Rothwell, 2003). Therefore in this study, the intensity of TMS was
fixed at 100% of the motor threshold to ensure propagation of the activity downstream to the
cortico-spinal tracts. While it is acknowledged that the rate and intensity probably interact,
there are no studies that have examined this systematically. For example, contrary to that
observed at 5 Hz, and 10 Hz TMS applied at subthreshold intensities results in LTP like
effects (Kim et al., 2004; Pascual-Leone et al., 1999; Yoo et al., 2008). Future studies need
to investigate the rate and intensity interaction to determine the optimal rate and intensity of
TMS that can be applied in a safe manner.

Another important TMS parameter is the duration of TMS treatment. There is emerging
evidence from the study of the motor system that the duration of effects of TMS is
proportional to total number of TMS pulses (Peinemann et al., 2004; Quartarone et al.,
2005) with a demonstration that a large number of pulses of TMS in one session (900 pulses
or more) is needed to alter the excitability of the corticospinal output system, and even
greater number of TMS pulses (=1500) to alter spinal motor neuron excitability (Quartarone
et al., 2005). In the present study, we delivered 6000 pulses of TMS at 5 Hz daily, in order
to alter the excitability of the corticospinal output as well as the result in long lasting effects.

Advantage of resting state CBF studies

Recent studies of motor learning have demonstrated that it is important to investigate the
baseline changes in CBF (Xiong et al., 2009). Significant training induced increase in power
spectrum in the 0.08 Hz frequency band in resting state fMRI data reflecting an increase in
spontaneous firing in the right M1 area, supports the resting CBF findings (Xiong et al.,
2009). Understanding the direction of change in resting CBF helps interpret changes in task
related activation patterns and connectivity within the motor learning network following
DSP and TMS intervention. We replicated the previous reports of increased resting CBF in
the motor cortex, SMA and premotor cortex following motor practice. In addition, TMS
appears to further increase the resting state CBF in other regions engaged during motor skill
acquisition. The TMS induced CBF effects demonstrate that one possible explanation for the
decreased activation observed in the associative striatum, the medial temporal lobe, and the
cerebellum during the late stages of skill learning could be due to an increase in the baseline
or resting CBF in these regions. Since the resting state CBF changes were observed at a later
stage of learning (at 4 weeks, when a behavioral plateau was achieved) these regions may in
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fact be important during later stages of learning as well, especially following TMS
treatment. Further, the resting CBF changes shed light on the possible mechanism of action
of TMS. Resting CBF changes during motor learning are thought to reflect closely with
increased neuronal activity and synaptogenesis (Xiong et al., 2009). Similarly, TMS effects
like enhancing synaptic strength (Kleim et al., 2003), increased dendritic hypertrophy
(Adkins-Muir and Jones, 2003), and synaptogenesis in M1 can also result in increases in
resting CBF. Exercise induced angiogenesis and up-regulation of cytochrome oxidase
enzyme have also been suggested as possible mechanisms for increased resting CBF (Xiong
et al., 2009). Effects of chronic administration of rTMS on angiogenesis, and cytochrome
oxidase enzyme pathway may be akin to slow motor practice, but have not been
investigated.

Our study does have a few limitations. We did not investigate the effect of TMS only
(without any DSP) on motor behavior. While TMS alone is able to up- (or down-) regulate a
targeted neural system as applied in the treatment of depression, we argue that it is unlikely
that TMS alone will train the system in a specific, skilled pattern of firing. Additional
studies will have to be carried out to systematically examine this issue. Another important
aspect of this study is that TMS was applied throughout 4 weeks of skill acquisition,
spanning over various stages of skill acquisition. While the present study clearly
demonstrates the effect of TMS on the early stage of skill learning, it cannot specify the
effects of TMS at other stages of skill learning. Future studies will concentrate on examining
the effect of TMS at each phase of motor skill learning.

Another drawback of this study is that we did not examine if the beneficial effects of TMS
extended past the training duration. Indeed, for a TMS to be a truly effective treatment, its
effects should persist beyond the duration of treatment. Other studies have demonstrated that
the effects of motor practice are retained for several months both in normal persons (Kleim
and Jones, 2008; Pendt et al., 2011) and in patients with Parkinson's disease (Pendt et al.,
2011), and cerebral palsy (Geerdink et al., 2013). While concomitant 5 Hz TMS to the
premotor cortex during motor learning resulted in greater retention (Boyd and Linsdell,
2009), tDCS did not enhance long-term retention in healthy persons (Reis et al., 2009).
Therefore, future studies should investigate the long-lasting effects of TMS adjuvancy in a
systematic manner in normal individuals as well as in various neurological disorders.

Future directions

Based on these findings in healthy individuals, we propose to use the same parameters to
study the effect of TMS on motor rehabilitation in patients with stroke. Few studies have
examined the augmentative effects of TMS and tDCS in patients with stroke. Improved
motor function in stroke patients has been demonstrated following one session of
subthreshold 10 Hz TMS (Kim et al., 2006) and 10 days of adjuvant suprathreshold 3 Hz
TMS (Khedr et al., 2005). In a recent study, 10 days of adjuvant 10 Hz subthreshold TMS
(or sham TMS) was applied to the M1 of the affected hemisphere along with motor practice
in patients with subacute stroke (Chang et al., 2010). TMS group had additional behavioral
improvement, an importantly, the effects persisted long term, at 3 months after intervention.
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Further examination of the neural correlates of this intervention demonstrated a greater
modulation of activities in the cortico-basal ganglia—thalamocortical circuits (Chang et al.,
2012). We anticipate that the rTMS protocol outlined in this study will result in similar
behavioral and imaging findings. However, there are also reports of TMS not augmenting
motor behavior. For example, two weeks of subthreshold 20 Hz TMS to M1 applied as
adjuvant treatment with constraint induced therapy was not found to be beneficial (Malcolm
et al., 2007). The inconsistencies in the rate, the intensity, and the duration of TMS, as well
as the variability in the location of stroke, degree of deficits, and different mechanisms of
action of physical therapies contribute to these disparate findings. We propose that the TMS
parameters applied in this study would be appropriate for treatment trials in patients with
stroke.

Conclusion

This study indicates that TMS applied concomitantly augments behavioral effects of motor
practice by modifying neuronal activity in brain areas engaged during early phase of skill
learning. Specifically, TMS to the M1y,nq improved motor performance by reducing the
time taken for each sequence that resulted in a faster rate of learning. Both motor practice
and TMS adjuvancy resulted in greater transfer of skills. The neural correlates of improved
motor performance were increased in resting CBF in brain regions such as the cingulate
motor cortex, putamen, medial temporal lobe, and cerebellum that are specifically engaged
during early learning phase. The safety and feasibility of daily rTMS treatments over 4
weeks were demonstrated. These findings are the first to show the enhancing effects of TMS
on slow motor practice over a 4-week period and have direct application in
neurorehabilitation where TMS could be applied in conjunction with physical therapy.
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Fig. 1.
Individualized image guided TMS. TMS was applied to right M1y, area identified by a left

index finger adduction and abduction task during BOLD fMRI acquisition overlaid on the
individual's anatomical MRI. The TMS treatment-planning tool determined the scalp
location and the orientation of the TMS coil.
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Fig. 2.

Daily TMS/sham TMS treatment and digit sequence practice (DSP). The daily sitting
consisted of 4 sessions of TMS/sham TMS interleaved with DSP. Each session consisted of
six blocks of TMS/sham TMS with an inter-block interval (IBI) of 60 s. Each block included
5 trains of 5 Hz TMS with inter-train interval of 5 s. A train of TMS consisted of 10 s of 5
Hz TMS (50 pulses). DSP consisted of 4 min of practicing the training sequence as quickly
and as accurately as possible.
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Performance over the course of training of digit sequence task in DSP + sham (open
triangles) and DSP + TMS (open diamonds) groups. The solid lines indicate the modeled
function for the two groups. Top panel A: First week of training. Both groups demonstrated
significant improvement in performance from baseline. The DSP + TMS group had a
significantly faster rate of learning, evidenced by a greater slope. Bottom panel B: Four
weeks of training. Both groups demonstrated significant improvement in performance from
baseline. The DSP + TMS group had a significantly faster rate of learning, evidenced by a
significantly shorter model parameter R.
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Fig. 4.

Se%uence time over the course of training of digit sequence task in DSP + sham (open
triangles) and DSP + TMS (open diamonds) groups. Both groups demonstrated significant
decreases in time taken to perform the sequences from baseline. The DSP + TMS groups
had a significantly greater decrease (p = 0.0028).
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C. Intrinsic transfer
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Transfer of motor skills in DSP + sham and DSP + TMS groups: A. Extrinsic transfer: The
performance of the training sequence with the hand ipsilateral to the TMS stimulation (right
hand). B. Intrinsic transfer-training hand: The performance of the mirrored sequence with
the training hand (left hand). C. Intrinsic transfer-ipsilateral hand: The performance of the
mirrored sequence with the hand ipsilateral to the TMS stimulation (right hand). All the
three transfer sequences improved significantly over the training period in both the groups.
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Y=-24
DSP+Sham

Fig. 6.
Brain regions demonstrating increases in resting CBF after 4 weeks in DSP + sham group

(regions in red) and DSP + TMS group (regions in blue). 1. Cingulate cortex (BA 24), 2.
premotor cortex, 3. putamen, 4. amygdala, 5. caudate nucleus, 6. cingulate gyrus (BA23), 7.
primary motor cortex, 8. parahippocampus, 9. thalamus, and 10. cerebellum. The PET data
are overlaid on Colin Brain, and the coordinates are in Talairach system. The left
hemisphere is on the left side of the image.
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Right: resting state CBF amplitude changes following 4 weeks of DSP + sham and DSP +
TMS. TMS was applied to right M1p,nq area. Significant increases in rsCBF were noted in
right M1hang, SUpplementary motor area (SMA), premotor cortex (PMd), and inferior
parietal lobule (BA 40) in both groups after 4 weeks of DSP. The DSP + sham group
demonstrated significant increases in the left M1p,,4, and left BA 40 following training.
Additional increases in rsCBF were noted in the right sided cingulate cortex, putamen,
hippocampus, amygdala, as well as cerebellum in the DSP + TMS group. * = p < 0.05.
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Characteristics of DSP + sham and DSP + TMS groups expressed as average = SEM. p indicates the

Table 1

significance level determined by ANOVA analysis.

DSP+sham DSP+TMS p

M:F 3:4 5:2
Age (years) 2857+3.16 27.14+325 076
Handedness 76.57+7.88 89.0+6.66 0.25
M1anq (Talairach coordinates)

X 32.09+2.65 3279+141 0.82

y -1886+15 -23.92+215 0.07

z 5445+129 51.73+287 0.40
Motor threshold (% machine output) 60.0 + +4.3 52,29 +3.12 0.17
Baseline performance (# correct sequences)  26.0 +2.76 33.71+244  0.06
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Table 2

Page 32

Modeled parameters for DSP + sham and DSP + TMS groups expressed as average = SEM. Ty is the baseline
amount of learning, k is the asymptote, R is the rate to reach the asymptote, and Tgq is the number of days to
reach 50% of asymptote. p is the significance level determined by ANOVA. R and Tgg in the TMS + MP

group were significantly shorter.

Model parameters DSP +sham DSP+TMS p
Slope (1 week) 3.17+0.33 5.01+0.77 0.048
t (days) 353+071 227+060 0.202
k (# correct sequences)  61.67+1.61 72.02+9.09 0.245
R (days) 502+068 279+0.69 0.046
Teo (days) 817+101 478+091 0.035
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Table 3

Page 33

Locations of peak extrema (x, y and z in Talairach co-ordinates), Brodmann area, volumes, z score, and p
values of brain regions that demonstrated significant change in resting rCBF at 4 weeks in DSP + sham and

DSP + TMS groups.
X y z Brainarea Brodmannarea(BA) Cluster size(mm3) zscore p value
DSP + sham group

42 -16 54 Precentral gyrus 4 456 3.16 0.00078
40 -8 38 Precentral gyrus 6 584 3.35 0.00041
4 -30 36 Cingulate gyrus 31 480 3.20 0.00069
-20 -38 36 Cingulate gyrus 31 384 3.30 0.00049
-4 -20 30 Cingulate gyrus 23 464 3.43 0.00030
4 —68 32 Cuneus 7 928 3.93 0.00004
16 —64 40 Precuneus 7 320 3.08 0.00105
55 -60 36 Angular gyrus 39 376 3.43 0.00030
2 -30 2 Thalamus/pulvinar 744 3.67 0.00012

2 -22 -4 Red nucleus 600 3.40 0.00034
-22 —-76 -37  Cerebellum/inferior semi-lunar lobule 448 3.67  0.00012
-19 -88 30 Cerebellum/tuber 296 3.34 0.00043

DSP + TMSgroup

22 -24 56 Precentral gyrus 4 272 2.96 0.0016
22 -22 48 Precentral gyrus 4 416 3.24 0.0006
40 -8 32 Precentral gyrus 6 592 3.10 0.0010
12 —6 42 Cingulate gyrus 24 488 3.60 0.0002
0 -41 52 Paracentral lobule 5 280 3.57 0.0002
-8 -36 46 Precuneus 7 536 331 0.0005
22 -24 -8 Parahippocampal gyrus 28 864 4.99 <0.00003
-10 -22 24 Caudate/tail 824 4.41  <0.00003
28 0 12 Lentiform nucleus/putamen 728 3.41 0.0003
24 -10 14 Lentiform nucleus/putamen 744 3.03 0.0012
-8 -12 -10 Substantia nigra 496 3.41 0.0003
26 -10 -8 Amygdala 320 3.02 0.0013
-4 -58 -18 Cerebellum/culmen 488 3.66 0.0001
-13 -58 -6 Cerebellum/culmen 472 334 0.0004
-2 -72  -16 Cerebellum/vermis 392 3.23 0.0006
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