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ABSTRACT

Objective: Motor learning results in changes of movement representation in primnary motor cortex (M1) a
process involving long-term potentiation (LTP). Pairing motor training with repetitive transcranial mag-
netic stimulation (rTMS) of M1 enhances the formation of a motor memory. Here we determined the
effect of pairing M1 stimulation and the execution of training movements at different times and frequen-
cies on the formation of a motor memory.
Methods: Formation of a motor memory was defined as increases in motor evoked potentials (MEP} of the
training agonist (extensor carpi ulnaris muscle, ECU) and increases in peak acceleration of the trained
movements that last more than 60 min. Training consisted of auditory-paced ballistic wrist extension
movements (30 min, 0.5 Hz) paired with 0.1, 0.25 or 0.5 Hz subthreshold rTMS. The rTMS pulse was
applied at either the onset, 100 ms prior to or 300 ms after the onset of training movement related
increases in electromyographic (EMG) activity of ECU. This was compared to a Sham condition.
Results: Only 0.1 Hz rTMS applied at the onset of the training related increase in ECU-EMG activity
resulted in increases in MEP amplitudes and peak acceleration when compared to the Sham.
Conclusions: The formation of motor memory is enhanced above the naive level by co-administration of
low frequency rTMS at the time of execution of training movements.
Significance; These results indicate the importance of time and frequency of rTMS in these settings and
should be considered in the design of rehabilitation treatment strategies using rTMS,
© 2014 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction
* Corresponding author at: Departments of Neurology and Rehabilitation
Medicine, Emory University, School of Medicine, 1441 Clifton Road NE, Suite
236, Atlanta, GA 30322, USA, Tel.: +1 404 712 1894,
E-mail address: cathrin.m.buetefisch@emory.edu (C.M. Buetefisch).

Practice induces primary motor cortex (M1) plasticity, a process
involved in motor learning in humans (Pascual-Leone et al., 1994;
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Karni et al., 1995; Classen et al,, 1998; Biitefisch et al., 2000;
Muellbacher et al, 2002h), non-human primates (Nudo et al.,
1996b) and rodents (Rioult-Pedotti et al, 1998). One proposed
mechanism of learning-induced cortical plasticity is that synaptic
strength of cortical horizontal connections is modified through
long-term potentiation (LTP) and long-term depression {LTD)
(Donoghue et al, 1996; Rioult-Pedotti et al,, 2000; Sanes and
Donoghue, 2000). One technique that has been used to induce
LTP in M1 is Hebbian type stimulation. According to Hebb, “any
two cells or systems of cells that are repeatedly active at the same
time will tend to become ‘associated’, so that activity in one facil-
itates activity in the other” {(Hebb, 1949). Hebbian or associative
LTP has been generated by pairing stimulation of cortical afferents
with depolarization or stimulation-induced firing of the targeted
postsynaptic pyramidal tract neuron (PTN) (Baranyi and Feher,
1981; Baranyi and Szente, 1987; Iriki et al., 1991) and by pairing
stimulation of thalamo-cortical as well as cortico-cortical fibers
with stimulation of horizontal intracortical fibers in cortical layers
TN {Iriki et al., 1991; Hess and Donoghue, 1994, 1996; Sanes and
Donoghue, 2000}, In humans, the importance of the temporal rela-
tionship between afferent stimulation and discharging of pyrami-
dal tract neurons was demonstrated in different experimental
settings using peripheral nerve stimulation and/ or low frequency
repetitive transcranial magnetic stimulation (rTMS} of M1 in
healthy adults (Stefan et al., 2000; Wolters et al., 2003; Biitefisch
et al., 2004; Kujirai et al., 2006; Thabit et al., 2010; Mrachacz-
Kersting et al,, 2012) and patients after stroke (Buetefisch et al.,
2011). When TMS is applied to M1 at intensities below the motor
threshold (termed subthreshold stimulation), it stimulates the
intracortical connections targeting pyramidal tract neurons (PTNs)
but does not result in their discharge (Day et al., 1987; Di Lazzaro
et al., 2004). It can, therefore, be used to evoke inputs to targeted
PTNs. We have previously demonstrated in a NMDA receptor acti-
vation dependent motor learning paradigm (Biitefisch et al., 2000)
that subthreshold rTMS of M1 during the execution of training
movements (voluntary cortical drive eliciting discharges of PTNs)
is more effective in enhancing motor memory formation when
compared to random subthreshold rTMS stimulation (Biitefisch
et al., 2004). The importance of time was confirmed in other stud-
ies using different experimental paradigms (Stefan et al, 2000,
2002; Kujirai et al, 2006; Mrachacz-Kersting et al, 2012).
Mrachacz-Kersting et al. demonstrated in subjects imagining
movements that M1 plasticity was induced when peripheral nerve
afferent stimulation arrived at M1 during the imagined execution
but not during the imagined preparation or the imagined comple-
tion of the movement (Mrachacz-Kersting et al., 2012). Similarly, in
the paradigm used by Stefan et al,, referred to as paired associative
stimulation (PAS), pairing of suprathreshold TMS of M1 and electri-
cal peripheral stimulation of somatosensory afferents resulted in
leng lasting, input specific increases in M1 excitability when given
in a way that the inputs to M1 arrive approximately at the same
time (Stefan et al., 2000). These increases in M1 excitability depend
on NMDA receptor activation suggesting that LTP-like mechanisms
may underlie the cortical plasticity induced by PAS (Stefan et al.,
2002). Taken together, there is some evidence in human M1 that
Hebb's rules (the related characteristics of co-operatively and asso-
ciativity) apply to human motor cortex (on a system level) (Stefan
et al., 2000, 2002; Wolters et al, 2003; Kujirai et al, 2006;
Mrachacz-Kersting et al., 2012) and that an ETP-like process is
operating in this type of plasticity.

In contrast te pairing paradigms (PAS) where peripheral nerve
afferent stimulations are applied at discrete time points (Stefan
et al,, 2000, 2002; Wolters et al., 2003; Kujirai et al., 2006), pairing
rTMS with movement related M1 activity (Biitefisch et al., 2004:
Thabit et al.,, 2010) differs in several aspects. First, in movement
related paradigms, activation of PTNs is achieved by voluntary

muscle activity while in the PAS paradigms suprathresheld rTMS
is necessary (Kujirai et al,, 2006). Second, executing movements
results in sensory feedback to M1, thereby providing additional
afferent input to the targeted PTN neurons. Third, the frequencies
of movement execution are higher in motor learning paradigms
(1-0.5 Hz) than the frequency used for peripheral nerve afferent
stimulation (0.05-0.2 Hz) resulting in rTMS paired and unpaired
movements (Biitefisch et al,, 2004). In the present study we tested
the effect of different frequencies and times of pairing training
movements and subthreshold rTMS of the corresponding M1 on
the encoding of a motor memory. Training movements were exe-
cuted at a fixed rate of 0.5 Hz frequency, a rate effective in inducing
M1 plasticity (Muellbacher et al., 2002a,b; Ziemann et al., 2004)
and paired with the 1TMS pulse at a ratio of 1:1, 1:2 and 1:5 by
applying rTMS at 0.5, 0.25 or 0.1 Hz frequency. The rTMS pulse
was applied at the onset of movement execution (Q ms in reference
to the movement onset), during the preparation of the movement
(=100 ms in reference to the movement onset) and after comple-
tion of the movement (+300 ms in reference to the movement
onset) (Stefan et al., 2000; Wolters et al., 2003 Biitefisch et al.,
2004; Mrachacz-Kersting et al., 2012}, We tested the hypothesis
that rTMS applied to M1 is most effective in enhancing the forma-
tion of a motor memory when rTMS occurs at the onset of the
movement execution in a 1:1 ratio (rTMS at 0.5 Hz frequency) as
this is reminiscent of the settings used for Hebbian-type stimula-
tion in cellular in vitro and in vivo experiments {Baranyi and
Feher, 1981; Baranyi and Szente, 1987; Iriki et al, 1991: Hess
and Donoghue, 1994, 1996; Sanes and Donoghue, 2000) and
human studies using PAS protocols or the pairing of imagined
movements and peripheral nerve stimulation (Stefan et al., 2000:
Kujirai et al., 2006; Mrachacz-Kersting et al., 2012).

2. Methods

The experiments were approved by the Institutional Review
Board at West Virginia University, and conducted according to
the Declaration of Helsinki. All subjects gave their written
informed consent.

2.1. Subjecis

Nine subjects {6 female, age 65.22 1 8.33 years (55-79 years)
participated in this single blinded, randomized, placebe controlled
study. These subjects fuifilled the following inclusion criteria: ages
55-80 years with no previous history of neurological or psychiatric
diseases and a normal neurological examination, normal MRI of the
brain (see below for details} and normal cognitive function {Table 1,
see below for details), no intake of CNS active drugs, no contraindi-
cation to TMS or MRI, ability to meet the criteria of the inclusion
experiment (see below), and ability to give informed consent. All
subjects were right handed accerding to the Edinburgh inventory
for handedness (Oldfield, 1971). Because the information expected
to be gained from these data are also important for the under-
standing of metor control in the injured brain, such as after stroke,

Table 1
Repeatable Battery for the Assessment of Neuropsychological Status {Randolph et al.,
1998): the mean, SD and range of scores for each subtest and total score are given,

Mean 5D Range
Total scale 113.00 6.35 105-121
Immediate memory 109.75 2.85 90-126
Visual spatial 112.37 7.99 105-126
Language 104.37 10.25 92-127
Attention 110.75 12.02 100-135
Delayed memory 109.75 8.38 99-122
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and age impacts processes involved in motor control (Mattay et al.,
2002; Ward and Frackowialk, 2003; Talelli et al., 2008), a middle
aged population was selected for the present study.

2.2. Overview of the experiments

According to our hypothesis we aimed to apply low frequency
rTMS to M1 in such a way that rTMS pulses arrive while M1 is
active in generating the training movements. Specifically, presence
of M1 activity was estimated by movement-related increases in
electromyographic (EMG) activity in muscles supporting the
movement (Figs. 1 and 2). The temporal relationship between
M1 PTN discharges and onset of the execution of the movement
were previously established in non-human primates {Kalaska,
2009). Subjects were ask to execute wrist extension movements
in response to an auditory stimulus at a rate of 0.5 Hz frequency,
a rate that effectively induces M1 plasticity {(Muellbacher et al,,
2002a,b; Ziemann et al., 2004). The effect of pairing these training
movements with 6 different rTMS protocols on formation of motor
memory was tested in a single exposure cross-over experimental
design. In all conditions, rTMS was applied to M1 contralateral to
the training hand. To test the effect of time of rTMS pulse in rela-
tion to the training movement, 0.1 Hz 1TMS was applied to target
the extensor carpi ulnaris (ECU) muscle, a muscle supporting the
training movement at the beginning of movement execution. For
rTMS at movement onset the pulses were applied when EMG-
ECU activity exceeded baseline ((0.1 Hz rTMS_0 ms), Fig. 2), for
rTMS during movement preparation the pulses were applied
100 ms prior to the increase in ECU EMG activity over baseline
(0.1Hz (TMS_-100ms) and for rTMS after completion of the
movement pulses were applied after cessation of movement
related increases in ECU EMG activity (0.1 Hz rTMS_300 ms). While
this experimental set up does not allow the precise timing at the
cellular level and M1 activity in the present experimental setting

0.1Hz (0.25, 0.5 Hz)
(1

ECU

Fig. 1. Experimental stimulation conditions: in 6 experiments, rTMS or Sham
stimulations were applied at different times and frequencies during the execution
of baltistic wrist extension movements, The movements were auditory paced at
0.5Hz frequency, RTMS and Sham stimulations were triggered by movement
related increases in electromyographic (EMG) activity of the muscle supporting the
training movement (training agonist, extensor carpi ulnaris, ECL). RTMS was
delivered at either ~100 ms, 0 ms, or +300 ms in reference to the onset of the EMG
burst of the ECU rmusele (time points are indicated by the open arrows}. RTMS
applied at O0ms was also delivered at higher frequencies of 0.25 and 0.5 Hz
(frequencies are indicated next to the symbol for the TMS coil), Sham stimulation
was apptied at 0.1 Hz frequency at 0 ms.

likkely consists of both, discharging and refractory PTN, it is suited
to test the effect of time across major domains.

In experimental paradigms for Hebbian type stimulation (Stefan
et al, 2000, 2002; Wolters et al,, 2003; Kujirai et al., 2006;
Mrachacz-Kersting et al., 2012) afferent stimulation was applied
at 0.1 Hz, This is consistent with the finding from in vitro and
in vivo data of Baranyi et al. where the pairing of afferent input
stimulation and discharging of the M1 pyramidal tract neurons is
greatest when the afferent input is paired with the PTN discharge
at frequencies (.1-0.3 Hz (Baranyi and Feher, 1981; Baranyi and
Szente, 1987; Baranyi et al,, 1991). In the present study, we tested
the rITMS_Oms condition at three frequencies: 0.1Hz (0.1 Hz
rTMS_0ms), 0.25Hz (0.25Hz rTMS_0ms), and 0.5Hz (0.5Hz
rTMS_0 ms). As training movements were executed at a fixed rate
of 0.5 Hz, a rate effective in inducing M1 plasticity (Muellbacher
et al., 2002a,b; Ziemann et al., 2004) (see below for details), rTMS
at these frequencies resulted in a pairing ratio of 1:5 (0.1 Hz
rTMS_0 ms), 1:2 (0.25 Hz rTMS_0 ms) or 1:1 (0.5 Hz rTMS_0 ms).
These results were compared to Sham stimulation (see below for
a detailed description, Fig. 1).

For the purpese of determining the effects of these six different
stimulation conditions (0.1 Hz *TMS_0 ms, 0.1 Hz rTMS_~100 ms,
0.1 Hz rTMS_300 ms, 0.25 Hz rTMS_0 ms, 0.5 Hz rTMS_0 ms, Sham)
on the formation and retention of an elementary motor memory,
training related effects on MEP amplitudes and peak acceleration
of the trained movement were measured prior to the training ( base-
line), immediately after training (post1) and again 30 {post2) and
60 min (post3} after completion of training (see “TMS and kinematic
measures” for details). These measures were chosen because of the
evidence that training induced increases in the MEP amplitude asso-
ciated with improved performance or changes in the kinematics of
movements reflect motor learning (Bimefisch et al, 2000:
Muellbacher et al., 2001; Ziemann et al., 2004). All subjects partici-
pated in all six different stimulation conditions with an intersession
interval of at least 48 h. The order of stimulation conditions was
randomized and the subjects were unaware of the experimental
purpose of the study.

2.3. MRI of the brain

High-resolution T1 weighted anatomical images were collected
on a 3T GE scanner with the following parameters: Spoiled gradi-
ent recalled {SPGR} acquisition; FOV = 240; matrix 256 x 256: sli-
ce =1.5 mm: 124 slices. The MRI of the brain was reviewed by an
experienced board certified neurologist for possible structural
abnormalities. Once anatomic normality of the brain was estab-
lished, the MRI of the brain was reconstructed in Brainsight (Brain-
sight, Rogue Research, Montreal, Canada) and served as each
subjects’ reference for the coil position across experiments and
within each experiment.

2.4, Neuropsychological testing

The Repeatable Battery for the Assessment of Neuropsycholog-
ical Status (Randolph et al., 1998) was administered to all subjects
to establish normality of cognitive function (see inclusion criteria).
The test is composed of 5 subtests and a total score, each with a
mean of 100 and a standard deviation of 15. We determined that
any score of 85 or lower on any of the subtests or the total score
would suggest abnormal cognitive function and would exclude a
subject. All subjects included in this study scored above 85 on all
the subtests and the total score. In fact the lowest score on any
subtest was 90, which is above the 25th percentile. The mean,
standard deviaticn and range of scores for each subtest and total
score are summarized in Table 1.

Downloaded from ClinicalKcy.com at Brooke Army Medical Center - JCon Mareh 23, 2017,
Fer personal use only. Ne other uses without permission. Copyright ©2017. Elsevier Inc. All 1 ghts reserved,



584 C.M. Buetefisch et al. / Clinical Neurophysiology 126 (2015) 581-593

9 .
1.5 4
14
0.5 4
2 I |,
0
A
0.5
Auditory signal
0 100 200 300 400 500 600 00 300 0

ms

Fig. 2, Determining the onset of the movement related EMG activity in ECU muscle using a pre-set threshold. In this single subject EMG recording of the muscle supparting
the training movement (extensor carpi ulnaris muscle, ECU), the onset of movement related EMG activity is clearly identified by the software program using a pre-set
thresheld of about 10-20% maximum muscle contraction EMG amplitude (horizontal bar in grey). RTMS application was triggered (TTL signal is indicated) when the
amgplitude of the EMG activity of the ECU muscle exceeded the pre-set threshold. The recording started 100 ms prior to the auditory go signal (arrow).

2.5. TMS and kinematic meuasures

Subjects were comfortably seated in a dental chair surrounded
by a frame that carried a coil holder to assist with the application
of TMS to the brain (Brainsight, Rogue Research, Montreal, Can-
ada). The subject’s right arm was positioned in a molded armrest
with the subject’s forearm immobilized and the wrist freely mova-
ble. Movements of the hand were recorded with a 2D accelerome-
ter mounted on the dorsum of the hand (Béitefisch et al., 2000),
3 cm distal to the stylus process of the ulna. Acceleration of wrist
extension movements in the two main movement plains (exten-
sion/flexion; abductionfadduction) was recorded.

EMG activity (bandpass 1 Hz-1 kHz) was recorded from the
ECU, a forearm rnuscle supporting the training movement and
the flexor carpi ulnaris (FCU), a forearm rnuscle antagonistic to
the training movement using surface electrodes (11 mm diame-
ter} in a Dbelly-tendon montage and a data acquisition system
(LabVIEW, National Instruments, CA, USA). The raw EMG was
sampled and digitized at a rate of 5 kHz and stored on a PC for
off-line analysis. TMS was delivered through a figure of eight-
shaped coil (7 cm wing diameter) using two Magstim 200 stimu-
lators connected via a Bistim module (Magstim Company, UK),
The coil was placed tangentially to the scalp and rotated 45°
away from the midline. The current induced in the brain was
therefore directed posterior-anteriorly, approximately perpendic-
ular to the central sulcus, which is the optimal condition for acti-
vating the corticospinal tract transynaptically (Werhahn et al.,
1994; Kaneko et al., 1996). Stimuli were delivered to the optimal
site for stimulating the contralateral ECU muscle, and the site
was marked on the subject’s reconstructed MRI1 of the brain. At
this hot spot, the resting motor threshold (MT), defined as the
minimum stimulus intensity to evoke an MEP of >50 LV in at
least five of ten trials (Rossini et al, 1994), was determined to
the nearest 1% of the maximum stimulator output (MS0) for
ECU and FCU muscles. Obtaining measures for both muscles in
the hot spot of the ECU muscle was done because of the impact
of time after completion of the training on the outcome measures
(Liepert et al., 1998; Bitefisch et al., 2000). After identifying the
resting MT for both muscles, MEPs were elicited by single TMS

pulses at increasing stimulus intensities (Devanne et al., 1997;
Ridding and Rothwell, 1997). Stimulation started at the next
lower 5% level of subjects MT and the absence of a measurable
MEP was confirmed. If any measurable MEPs were seen at that
level, intensity was decreased by 5% MSO to confirm complete
absence of MEP responses. Intensities were then increased in
increments of 5% of MSO up to 80% of MSO. At each intensity,
10 stimuli were given at an ISI of 5 s. Responses were set to zero
for intensities below the intensity that demonstrated absence of
measurable MEP to a level of 35% MSO (see data analysis, Fig. 3).

Throughout the experiment, the stimulating coil was kept in a
constant position with respect to the subject’s head using the
reconstructed image of the subjects’ brains (Brainsight, Rogue
Research, Montreal, Canada). Timing and intensity of stimuli were
controlled by PC-based software (STIMM, James Long Company).
As the time since completing the training has an impact on our
outcome measures and applying intensities at random order would
have increased the time required for data collection, stimuli were
applied at increasing intensities. In a recent study by Pearce et al.
comparing randomized and crdered application of different inten-
sities, revealed similar results for bath approaches (Pearce et al.,
2013).

For kinematic measures of ballistic wrist extension movements
subjects were asked to extend the wrist as quickly as possible in
response to an auditory signal. At each time point {pre, postl,
post2 and post3) 5 measurements were taken at an inter-trial
interval of 5 5.

The endpoint measures of this study were the motor training
related increases in the mean MEP amplitudes of the stimulus
response curve for the ECU muscle and the peak acceleration of
wrist extension movements. Measures obtained immediately
after completion of the training were used as an estimate of
the training effect on memory formation, while measures
obtained at 60 min after completion of the training were used
to estimate the longevity of the training effect. According to
our stated hypothesis, we expected a long lasting increases in
MEP amplitude of the ECU muscle and peak acceleration of wrist
extension movements when rTMS was applied at the onset of
movement execution,
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Fig. 3. Effects of rTMS applied at different times during training on stimulus response cueves of ECU and FCU muscles: MEPs were recorded prior to training (pre, open circle),
immediately after training (post1, cross in square), 30 min {post2, cross) and 60 min (post3, triangle} after completion of the training. RTMS intensities are expressed as
percentage of maximum stimulator output (¥MS0). Sham stimulation was applied to primary motar cartex at 0.1 Hz frequency at the onset to the EMG (Sham, A), rITMS was
applied to primary motar cortex at 0.1 Hz frequency at the onset to the EMG (0.1 Hz rTMS_0 ms, B), 100 ms prior to the onset of EMG (0.1 Hz rTMS_--100 ms, C), and 300 ms
after the onset of EMG {0.1 Hz 'TMS_300 ms D). Training related increases in MEP amplitudes of ECU muscle were seen for all conditions (A-D). This was not seen in the FCU
muscle, & muscle antagonistic to the training movement, Repeated measures ANOVA revealed statisticatly significant four way interaction of condition * intensity * type of
muscle * time (F = 1.34, p= .032) supporting a differential effect of the interventions that is different for each muscle (see Tables 4 and 5 for detailed statistics). Means + SE are

given.

2.5. Training and rTMS protocols

Because the objective of the present study was to enhance
motor learning, we chose a training paradigm that has been dem-
onstrated to be effective in inducing motor learning related M1
plasticity (Biitefisch et al., 2000; Muellbacher et al, 2002b;
Ziemann et al, 2004), Accordingly, subjects performed auditory
paced ballistic wrist extension movements (no specific pre-set
training angle was given) at 0.5 Hz frequency for three blocks of
10 min duration with 2-3 min of rest in between training blocks
(30 min, 300 movements total). Subjects were instructed to return
to the baseline position by relaxation as confirmed by EMG (see
Figs. 1 and 2). This training was chosen based on results from stud-
ies of similar ballistic movements that demonstrated training
related improvement of kinematics (Biitefisch et al,, 1995:

Muellbacher et al, 2002a2) and an increase of MEP amplitude
(Muellbacher et al., 2002a). Mechanisms underlying these changes
include an LTP-like mechanism as seen in three different experi-
ments, using either drugs that interfere with NMDA receptor acti-
vation or increase GABAergic inhibition (Biitefisch et al., 2000) or a
stimulation technique that produces LTP-like phenomenon but
fails to induce LTP-like phenomenon after training (Muelibacher
et al,, 2002b; Ziermnann et al., 2004).

The number of movement executions was selected based on
results of both primate and non-primate studies demonstrating
formation of a motor memory after similar (Muellbacher et al,
2002a) or fewer repetitions in a training task (Nudo et al.,
1996a). Acceleration and EMG signals of training movements were
recorded at 1 kHz. Quality of the motor training, as defined by the
accuracy and consistency of training movements, was monitored

Downloaded from ClinicalKey.com at Broake Army Medical Center - JCon March 23, 2017.
For personal use only. No other uses without permission. Copyright ©2017. Elsevier Inc. All rights reserved.



586 C.M. Buetefisch et al./ Clinical Neurophysiology 126 (2015) 581-593

on-line by one investigator. Great care was taken that subjects
moved in response to the auditory stimulus. Occasionally the onset
of the auditory stirnulus was anticipated and subjects started to
move early or movement kinematics indicated changes in move-
ment angle. In these situations the subject was encouraged to per-
form better. Additionaily, quality and consistency of a random
sample of 120 training movements {40 movements per 10 min
traiping block) was measured off-iline by calculating the direction,
the dispersion of directions and the magnitude of the first peak
acceleration of these training movements. The measures for direc-
tion and dispersion were derived from the length of the mean of
the individual vectors in the unit circle. In a unit circle, a mean vec-
tor of 1 means that the direction of the individual vectors were
identical, while a mean vector close to 0 means maximal disper-
sion (Batschelet, 1981).

For all stimulation conditions with the exception of the Sham
condition, rTMS was administered through a 70 mm figure-of-eight,
air-cooled coil connected to the Magstim Super Rapid (Magstim
Company, UK). While the subject was engaged in the execution of
training movements, rTMS was applied to M1 contralateral to the
training hand. Sham stimulation was applied trough an air-cooled
Sham coil, a coil with the same physical appearance as the real
[TMS air-cooled coil. Stimulation through the Sham coil does result
in a very small rnagnetic field at all intensities up to 100% MSO.
Depending on the set intensity of the stimulator, the Sham coil
produces a click of different intensity that mimics the auditory per-
ception of being stimulated with the real air-cooled coil. The follow-
ing rTMS protocols were tested (see Fig. 1 and below for details): (1)
rTMS applied at 0.1 Hz frequency, 100 ms prior to the onset of EMG
activity in a muscle supporting the training movements (ECH)
(0.1 Hz rTMS_—100 ms); (2) rTMS applied at 0.1 Hz frequency at
the onset (0 ms) of EMG activity of ECU muscle (0.7 Hz rTMS_0 ms);
(3) r'TMS applied at 0.1 Hz frequency at 300 ms after the onset of
EMG activity of ECU muscle (0.7 Hz rTMS_300 ms); (4) Sham
stimulation applied at 0.1 Hz frequency at the onset of EMG
activity in ECU muscle (Sham); (5) rTMS applied at 0.25 Hz fre-
quency at the onset (Oms) of EMG activity of ECU muscle
(0.25 Hz rTM5_0 ms} and (6) 1'TMS applied at 0.5 Hz frequency at
the onset (0 ms) of EMG activity of ECU muscle (0.5 Hz #TMS_0 ms).

The onset of the movement-related EMG activity in ECU was
defined as an increase of EMG amplitude above a preset threshold
of about 10-20% of the maximal amplitude of the movement-
related EMG burst in the ECU muscle and detected online by a
custom made LabView program (Figs. 1 and 2). For the 0.1 Hz
rTM5_—100 ms condition, the reaction time for each training trial
was estimated based on the time between the auditory “go” signal
and the onset of movement related EMG activity. The mean reac-
tion time of the 4 training trials preceding the training trial that
was targeted for ITMS was calculated online (rTMS was applied
in one of five movements). The rTMS pulse was applied 100 ms
prior to the estimated EMG onset of the fifth trial. This was proce-
dure was repeated in subsequent trials throughout the training.

Effects of ITMS were compared to Sham stimulation applied at
0.1 Hz where subjects performed a motor training without any cor-
tical stimulation (Sham). In this condition, a Sham stimulus was
applied at the onset of the training movement (0 ms) using a figure
of eight, air cooled Sham coil.

In all stimulation conditions, rTMS was applied at 80% resting
motor threshold (MT, determined for the Magstim Super Rapid
(Magstim Cornpany, UK) an intensity that activates cortico-cortical
connections targeting pyramidal tract neurons (Day et al. 1987),
but does not discharge pyramidal tract neurons as indicated by
the absence of a recordable MEP (Di Lazzaro et al,, 1998c). To verify
subthreshold intensity and accurate timing of the rTMS pulses,
EMG recordings were analyzed off-line, EMG was inspected for
the presence of MEP amplitudes and the actual timing of the rTMS

pulse in reference to the movement-related EMG burst was mea-
sured (Fig. 2).

2.5.1. Inclusion experiment

Pricr to entering the main experiment, all subjects underwent
an inclusion experiment to determine the ability of TMS to elicit
a measurable MEP of >100 puV and an increase in MEP amplitude
with increasing stimulus intensity (up to 100% of MSO) of at least
20% over MEP amplitude at MT (Wittenberg et al., 2003) as well as
the ability to perform the training movements. The experimental
set-up was similar to the main experiment (see above for details).

2.6. Data analysis and statistical methods

Data analysis of MEP amplitude and kinematic measures was
performed by personnel blind to the stimulation condition.
Because of the rTMS stimulus artifact, analysis of the training data
was not blinded. MEP amplitudes were measured off-line. Record-
ings with increased EMG background activity were excluded from
further analysis. Peak-to-peak MEP amplitudes were determined
and their mean calculated for each stimulus intensity.

2.6.1. Stimulus response curve {SRC)

Comparability of corticospinal excitability prior to training {pre)
in the different conditions was tested by comparing the SRCs in
separate one-way ANOVAS, The effect of the different times of
rTMS pulse applied during the training on SRCs was evaluated with
repeated measures ANOVA, MEP amplitudes of ECU and FCU mus-
cles were the dependent variables, stimulation condition (0.1 Hz
rTMS_0ms, 0.1 Hz rTMS_—100ms, and 0.1 Hz rTMS_300 ms, Sham),
time of measurement (pre, postl-post3), type of muscle (ECU
and FCU), and intensity of the stimulator output (intensity 35-
80% of MSO) were the independent variables, Subject was the ran-
dom factor. The effect of frequency of rTMS on the SRCs of the ECU
muscle was tested using repeated measures ANOVA. MEP ampli-
tudes of ECU muscle were the dependent variables, stimulation
condition {0.1 Hz rTMS_0 ms, 0.25 Hz rTMS_0 ms, 0.5 Hz rTMS_0 ms,
Sham), time of measurement (pre, postl-post3), and intensity of
the stimulator output (intensity 35-80% of MSOQ) were the inde-
pendent variables. Subject was the random factor.

For post-hoc testing, for each stimulation condition, the sub-
Ject’s mean MEP amplitudes at each intensity (35-80% MSO) were
normalized to the subject’s maximum mean MEP amplitude
obtained prior to training (pre) (Muellbacher et al., 2002b). To test
for the effect of training in each condition, the normalized MEP
amplitudes of pre and post1 testing were compared using a paired
t-test. Training related changes in MEP amplitude were expressed
as differences between the pre- and post-measurements in each
condition and at each intensity (normalized MEP, o511 — Dormalized
MEPp. (A MEPpg51) and normalized MEP 553 — normalized MEPpe
{A MEP;os3)). For each stimulation condition, A MEPs at intensities
of 35-80% MSO were then averaged (mean A MEP). According to
our hypothesis, we compared the mean A MEPs of the different
stimulation condition with Sham with a t-test associated with
the method of orthogonal contrast. The alpha level was decreased
to 0.01 to correct for multiple comparisons. We expected A MEP
amplitudes to be greater in 0.1 Hz rTMS_0 ms when compared to
Sham. Further, we expected the A MEPpoqs to be smaller in
0.1 Hz rTM5_300 ms when compared to Sham,

2.6.2. Peak acceleration of wrist extension movements

To evaluate the comparability of peak aceeleration prior to the
training (pre) across conditions, peak acceleration prior to the
training (pre) was tested using separate one-way ANOVAS. The
effect of ITMS applied at different tirmnes (0.1 Hz rTMS_0 ms, 0.1 Hz
TTMS_—160 ms, and 0.1 Hz rTMS_300 ms) and frequencies (0.1 Hz
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rTMS_0ms, 0.25Hz rTMS_Oms, 0.5Hz rTMS_0ms) on the peak
acceleration of the wrist extension movements were tested in
two separate mixed model ANOVAs.

For post-hoc testing, training related changes in peak accelera-
tion were expressed as the differences between posti-pre mea-
surements (peak accelerationpgse - peak accelerationpe, A peak
accelerationygg;) and post3-pre measurements (peak accelera-
tioNpests — peak accelerationpr) A peak accelerationgess ). Accord-
ing to the stated hypothesis, the following post-hoc contrasts
were calculated using a t-test. For each stimulation condition
(0.1 Hz rTMS_Oms, 0.1Hz rTMS_-100ms, 0.1Hz rTMS_300 ms
0.25 Hz rTMS_0ms, 0.5 Hz rTMS_0 ms), A peak accelerations were
compared to the corresponding A peak accelerations in the Sham
condition. The alpha level was decreased to 0.01 to correct for mul-
tiple comparisons. According to our hypothesis, we expected A
pealk accelerations to be greater in 0.1 Hz rTMS_0 ms when com-
pared to Sham. Further, we expected the A peak accelerationspgss
to be smaller in 0.1 Hz rTMS_300 ms when compared to Sham.

2.6.3. Training characteristics

Training characteristics were evaluated for each 10 min block of
training (train 10, train 20 and train 30). EMG recordings were
inspected for presence of MEP amnplitudes to ensure subthreshold
stimulation. Separate repeated measures ANOVA were used to test
the effect of time (train 10-30) and type of training (0.1 Hz
rTMS Oms, 0.1 Hz rTMS_—100ms, 0.1 Hz rTMS5_300ms, 0.25Hz
rTMS_0 ms, 0.5 Hz ¥TMS_0 ms, Sham), on peak acceleration, disper-
sion of training angle and angle.

3. Results

3.1. Effect of time of rTMS pulse in reference to the onset of EMG on
SRC and peak acceleration

3.1.1. Baseline measures of corticospinal excitability

Prior to training (baseline), measures of corticospinal excitabil-
ity (MT, SRC) and kinematics (peak accelerations} were similar
across the four different experimental conditions probing the effect
of time of rTMS on plasticity (0.1 Hz rTMS5_Oms, 0.1Hz
rTMS_—-100 ms, 0.1 Hz rTMS_300 ms, Sham; Tables 2 and 3). Fur-
ther, stimulus intensities for rTMS during the training were similar
across conditions (Tables 2 and 3).

3.1.2. Training characteristics

3.1.2.1. Training kinematics. While the angles and dispersions of
training angles did not differ significantly across conditions (Tables
3 and 4), the magnitude of the first peak acceleration of the train-
ing movements was different across conditions (F=3.28, p=.038,
Table 3 for detailed statistics). However, post-hoc comparisons
did not reveal any statistically significant differences in peak accel-
eration (Table 3). There was no change in the movement kinemat-
ics during the training when tested as a function of training time
(lack of significant effects for training time (10, 20, 30 min of train-

Table 2

ing) and interaction between training time and condition,
(Table 3)). To test for a curnulative effect of training on the plastic-
ity measure MEP amplitude, the amplitudes at baseline and post1
were compared. In all conditions, increases in MEP amplitude at
post1 over baseline were significant at the 0.05 level confirming
the presence of a cumulative training effect on this plasticity mea-
sure {paired ¢test: 0.1 HzrTMS_—100 ms: p=0.04; 0.1 HzTMS_300:
p=0.0001; 0.7 HzrTMS_0 ms: p = 0.03; Sham: p = 0.003).

3.1.2.2. Time of the TMS pulse in reference to the EMG. Off-line
inspection of the ECU EMG data during the training revealed absence
of discernible MEPs and the occurrence of the actual rTMS pulse at
10.79 + 1.90 in the 0.1 Hz rTMS_0 ms condition, at —71.20+ 6.44 in
the 0.1Hz rTMS_—-100ms condition, at 313.05x 152 in the
0.1HzrTMS_300 ms condition, and at 16.61+8.99ms in Sham
(Tabie 4). As expected, the greatest difference between the tar-
geted time and the actual time was seen in the —100 ms condition
as the rTMS pulse was estimated based on the average of the
preceding four movement onset times (time interval between the
auditory stirmulus and the onset of the movement which includes
the reaction time). All other conditions were independent of the
reaction time, There was a significant effect for of EMG-TMS time
(F=905.02, p < .0001, Table 3 for detailed statistics) indicating that
this variable is indeed different across stimulation conditions
(Table 3).

3.1.3. Fermation of a motor memory

Training alone (Sham) or when combined with rTMS applied at
either —100, 0, +300 ms in reference to the onset of the EMG of the
ECU muscle resuited in an increase in the MEP amplitudes of the
ECU muscle when measured immediately post-training (postl,
Figs. 3A-D and 4A) and 60 min after completion of the training
(post3, Figs. 3A-D and 4A). This was not seen in the muscle antag-
onistic to the training movements (FCU, Fig. 3A-D). This differen-
tial effect of training on MEP amplitude as a function of time is
statistically significant as indicated by the statistically significant
4 way interactions between condition*intensity *type of
muscle * time (F=1.34, p = 032, Table 3). The main effects for type
of muscle ({ECU and FCU muscles); F=31.817, p = .0005), intensity
{{MSO 35-80% MSOY); F=37.64, p<.0001) and time {pre, postl,
post3); F=11.16, p £.0001) and interactions between type of
muscle * intensity (F=19.28, p<.0001), type of muscle* time
(F=6.90, p=.0015), time * intensity (F=4.62, p<.0001}, type of
muscle * time * intensity (F= 3.53, p <.0001) were also statistically
significant (see Table 3 for details). For post-hoc comparisons,
training related changes in MEP amplitudes were expressed as dif-
ferences between the pre- and post-training (post1) normalized
MEP amplitudes evoked at intensities of 35-80% of MSO in each
condition (A MEP). Next, A MEP of 0.1 Hz rTMS_Oms, 0.1Hz
ITMS_-100 ms, and 0.1 Hz rTMS_300 ms were compared to A
MEP in the Sham condition. 0.1 Hz fTMS_0 ms resulted in an
increase in A MEP when compared to Sham immediately after
the training (postl, p=. 046, Table 3) which was no longer
significant after correction for multiple comparisons. This effect

Measurements of corticospinal excitability at baseline: motor thresheld and intensity of rTMS is given as% of maximum stimulator cutput {MSQ), Mean * SE. ECU: extensor carpi
ulnaris muscle, FCU: flexor carpi ulraris muscle. There were no significant differences at baseline.

Training conditions MTBistim sewing, 2 Magstims)

MTirapid Magstim) Intensity of rTMS

ECU FCU ECU
Sham 49.00 + 8,65 50.89 +9.27 60.00x2.71 48251224
0.1 Hz (TMS_0ms 5033 +8.14 5222 +8.57 6263 £33 50,12 £2.65
0.1 Hz rTMS_-100 ms 51.88+7.30 54.00 +6.95 66,00+ 3.04 52.71+£2.41
0.1HzrTMS_300 ms 50.44 £ 7.28 52.67+917 60.63 +3.25 48.00  2.60
0.25 Hz 1TMS_0 ms 50.78 % 2.39 51.78+2.41 6163273 49.75 £2.60
0.5 Hz 1'TMS_0 ms 49,56 + 2.62 51.11 £2.61 60.13 + 3.41 4800276
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Table 3
Results of pre-planned comparisons for effect of rTMS timing.

Pre-planned comparisons DF F »

Corticospinal excitability and kinematics at basefine

Separate one way ANOVAs

DV:; MEP amplitudes (SRC), IV; training condition 3,24 Ns

DV: MEP amplitudes {SRC), IV: intensity of TMS 9,72 3501 <0001

DV: MEP armnplitudes {SRC), [V: type of muscle 1,8 51.12 <0001

DV: peak acceleration, IV: training cendition Ns

Training characteristics

4 separate repeated measures ANOVAs: DV: peak acceleration, angular dispersion, angle, EMG-TMS time; rm IV: training time, condition.

Significant results: DV: peak acceleration, rm 1V: condition DV: EMG-TMS time, rm IV: condition. Post hoc comparisons: t-test; all 3,72 3328 .03
comparisons 3,72 905.02 <0001

Ns

2 Separate repeated measures ANOVAs: DV: MT of ECU, intensity of tTMS; rm V; condition
Ns

Post training measurements

Mixed model ANQVA: DV: peak acceleration,

IV: time (pre, post1-3), conditions (0.1 Hz

rTMS_0 ms, 0.1 Hz rTMS_-100 ms, 0.1 Hz

TMS_+300 ms, Sharn) Ns

Condition * time

Post hoc comparisons: t-test
Peak acceleration Sham vs 0.1 Hz rTMS_0 ms at postl

9,72 691 <001

16 2837 <01

Peak acceleration $ham vs 0.1 Hz rTMS_ ms at post3 16 3.312 <01
Peak acceleration Sham vs 0.t Hz rTMS_— 100 ms post1 & 3 and 0.1 Hz rTMS_ + 300 ms post] & post3 Ns

Repeated measures ANOVA: DV: MEP amplitude rm IV

Muscle 1.8 31.17 0005
Time (pre, post1-3) 3,24 11116 <000
Intensity (35-80%) 9,72 3764  <D0OOT
conditions NS

Significant interactions
Muscle * time

Muscle * intensity
Time * intensity

Muscle * time * intensity

Muscle * time * intensity * conditions

Post hoc comparisons for ECU; t-test

A MEP 0.1 Hz rTM5_0 ms vs A MEP Sham, post1

A MEP 0.1 Hz r'TMS_0 ms vs A MEP Sham, post3

A MEFP 0.1 Hz rTMS5_-100 ms and A MEP 0.1 Hz
rTM3_300 ms vs A MEP Sham, posti and 3

Post hoc comparisons for FCU: t-test: all comparisons

3,24 690 0016

9,72 19.28 <0001
27, 4.62 <,0001
216
27, 353 <.0001
216
81, 1.34 032
648
72 411 . 046
72 6.92 .01

Ns

Ns

DV: dependent variables, IV: independent variables, rm: repeated measures.

Table 4

Training kinematics and timing of the TMS pulse during the training. Peak acceleration {accel.) is expressed in g. Training angle (angle) is given in degrees of a 360 degree circle.
Angular dispersion {dispersion} is expressed as length of unit vector. TMS-EMG tiene interval (time of TMS) is the time of TMS pulse in reference to the onsat of EMG burst of ECU
muscle. The means  SE are given for all data. There was no statistically significant difference of training parameters between conditions.

Training conditions Accel. Angle Dispersion Time of rTMS
Sham 1.13 £.07 323.33+2.51 994 + 002 16.61 £ 8.99
0.1 Hz rTMS_0 ms 125+ .05 31997 +2.13 995 + .001 10,79 £ 1.90
0.1 Hz 1TMS5_-100 ms 1.31+.06 32292 +32.41 993 + 010 7120+ 644
0,1HzrTMS_300 ms 1.15+ 05 322741277 996 £.002 313.05%1.52
0.25 Hz ITMS_0 ms 1.15+.13 322,49+3.93 895 + 001 13.92+1.54
0.5 Hz rTMS_ 0 ms 1.09 + .05 31581208 993 +.003 14,80+ 1.82

was long-lasting as indicated by the statistically significant differ-
ence of these measures 60 min after completion of the training
(post3: p=.01, Table 3). In contrast, increased A MEP amplitude
of the ECU muscle in the other conditions did not reach statistical
significance when compared to Sham (Table 3). Inspection of Fig. 4
shows that in the 0.1 Hz rTMS_300 ms condition the MEP ampii-
tude differs from all other conditions because after an initial
increase of the MEP amplitude, there is 2 decrease of the MEP
amplitude over time (Figs. 3D and 4A). Although the effect did

not reach statistical significance, this indicates that the mechanism
of the initial increase in MEP amplitude is different compared to
the 0.1 Hz rTMS_0 ms condition. Simmilar comparisons for FCU mus-
cle indicated no significant effects of the training on the MEP
amplitude (Table 3).

The different stimulation conditions had a different effect on the
peakacceleration as a function of time as indicated by the significant
interaction between condition and time (p < .001, Table 3). For post-
hoc comparisons, increases in peak acceleration were expressed as
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Fig. 4. Effects of different times (A} and frequency (B) of rTMS on MEP amplitude of ECU muscle, (A) Training combined with rTMS at 0.1 Hz frequency at the onset and after
completion of the training movernent (0.1 Hz rTMS_0 ms and 0.1 Hz fTMS_300 ms) were most effective in increasing MEP amplitude (post1), This effect was long lasting for
0.1 Hz rTMS_0 ms while wearing off in the 0.1 Hz rTMS_300 ms condition. {B) Increasing the frequency of rTMS applied at the onset of the movement did nat produce any

further increase over baseline, *p < 0.05, Mean + SE.

differences between pre- and postl and post3 {post]1-pre, post3—
pre, Fig. 5). Post-hoc comparisons revealed that 0.1 Hz rTMS_0 ms
was superior to Sham in increasing peak acceleration when mea-
sured immediately after completion of the training (post1, Fig. 54,
p<.01;} and also 60 min. after completion of the training (Fig, 5B,
p<.01}. The other conditions did not produce increases in peak
acceleration post-training (see Fig. 5A and B, post1 and post3) that
were statistically significant different from Sham, Figs. 3-5.

3.2, Effect of different frequencies of rTMS (0.1, 0.25 and 0.5 Hz) on SRC
and peak acceleration:

3.2.1. Baseline measures of corticospinal excitability

At baseline, measures of corticospinal excitability (MT and SRC)
and kinematics (peak accelerations) were similar across the four
different experimental conditions probing the effect of rTMS fre-

quency applied at the onset of movement related EMG activity
(0.1 Hz rTMS_0ms, 0.25Hz rTMS_Oms, 0.5 Hz rTMS_Dms, Sham;
Tables 2 and 5).

3.2.2. Training characteristics

RTMS was set to be applied at the onset (0 ms) of EMG activity
in the ECU muscle. Off-line analysis of training data (EMG and TMS
stimulation artifact) revealed absence of MEPs and the occurrence
of the actual rTMS pulse at 10.79 £ 1.90 in the 0.1 Hz rTMS_0 ms
condition, at 13.92 + 1.54 ms in the 0.25 Hz rTMS_0 ms condition,
at 1480+1.82ms in the 0.5Hz rTMS_0ms condition, and at
16.61  8.99 ms in Sham (Table 4). The training angles, dispersion
of angles and first peak acceleration and intensity and time of rTMS
pulses did not differ significantly across conditions (Tables 2, 4 and
5). As indicated by the lack of significant effects for training time
(10, 20, 30 min of training) and interaction between training time

e
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Fig. 5. Effects of different times and frequencies of (TMS putse during the training on peak acceleration of wrist extension movements. Acceleration of 5 ballistic wrist
extensions was recorded prior to training (pre), immediately after training (post1), and again 30 min {post2) and 60 min (post3) after completion of the training. Training
related changes in peak acceleration are expressed as the differences between posti-pre (A peak acceleration, (A) and (C)) and post3-pre (A peak acceleration, (B) and (D).
Training combined with rTMS at 0.1 Hz frequency at the onset {0.1 Hz rTM5_0 ms) resulted in increases in peak acceleration after the training (A) and (C) that were long
lasting (B) and (I}) and superior to Sham, These increases were not seen in the other conditions, “p < .01, Mean + SE.
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Table 5
Results of pre-planned comparisons for effect of rTMS [requency.
Pre-planned comparisons DF F p
Corticospinal excitability and kinematics at baseline
4 separate one way ANOVAs
DV: MEP amplitudes (SRC}, 1V: training condition Ns
DV: MEP amplitudes (SRC), IV: intensity of TMS 9,72 27,02 <.0001
DV: MEP amplitudes (SRC), IV: type of muscle 1.8 1862 <0001
DV: peak acceleration, [V: training condition Ns
Training characteristics o N
4 separate repeated measures ANOVAs; DV: peak acceleration, angular dispersion, angle, EMG-TMS time, rm IV: training time, condition. No Ns
significant results
2 Separate repeated measures ANOVAs: DV: MT of ECU, intensity of rTMS; rm IV: condition. Ns
Post training measurements
Mixed model ANOVA
DV peak acceleration,
1V: time (pre, post1-3), conditions (0.7 Hz
rTMS_0 ms, 0.1 Hz rTMS_-100 ms, 0.1 Hz Ns
rTMS_+300 ms, Sham) Ns
Condition * time 9,72 205 046
Post hoc comparisons: t-test: all comparisons were ns Ns
Repeated measures ANOVA: DV; MEP amplitude rm IV
Muscle 1,8 2297 00
Time {pre, post1-3) 3,24 1034 0001
Intensity {35-80%) 9 2207 <
0001
Conditions Ns
Significant interactions: Time * intensity 27, B.75 < 001
216
Post hoc comparisons for ECU and FCU muscle; [-test: all comparisons were ns Ns

DV: dependent variables, IV: independent variables, rm: repeated measures.

and condition training did not result in statistically significant
changes when tested for each 10 min increment of training time
(Table 5). To test for a cumulative effect of training on plasticity
measure MEP amplitude, a paired t-test was performed. In all con-
ditions, increases of MEP at post1 over baseline were significant at
the 0.05 level confirming a training effect on this plasticity mea-
sure (paired t-test: 025Hz_rTMS_0. p=.03; 0.5Hz_rTMS_O:
p=.01; 0.1 Hz_rTMS_0: p = 0.02; Sham: p =0.003).

3.2.3. Formation of a motor memory

TMS applied at 0 ms in reference to the onset of the EMG of ECU
muscle at the higher frequencies of 0.25 and 0.5 Hz frequency
(0.25 Hz rTMS_0 ms, 0.5 Hz rTMS_0 ms) resulted in increases in the
MEP amplitudes of ECU muscle when measured immediately
post-training {post1, Fig. 4B). This was not seen in FCU muscle
(data not shown), This differential effect of training on MEP ampli-
tude as a function of time is statistically significant as indicated by
the significant main effects for the variables type of muscle
{F=22.97, p=.001), intensity (F=22.07, p<.0001) and time
(F=10.34, p=.0001). There were significant interactions between
time * intensity (F=6.75, p < 001}. See Table 5 for details.

For post-hoc testing, A MEP was calculated in each condition for
each subject (see above for details), There were no significant dif-
ferences between A MEP of 0.25Hz rTMS_Oms, and 0.5Hz
rTMS_0ms when compared to A MEP in the Sham condition
(Sham) and 0.1 Hz rTMS_0 ms. TMS applied at higher frequencics
had no significant effect on peak acceleration when compared to
Sham and 0.1 Hz rTMS_0 ms (Fig. 5C and D, Table 5).

4. Discussion

The main two new findings of this study were first, that the tim-
ing and frequency of {TMS5 applied to M1 while subjects were
engaged in performing a training movement and had different
effects on the formation and retention of an elementary motor

memory (MEP amplitude and peak acceleration) and second, that
this type of training improved the kinematics of the trained move-
ment above naive levels, a finding that would support the notion of
the formation of motor mermeories within M1 as an initial first step
in events leading to improved motor skills (Muellbacher et zl.,
2002b) (see below). Although we do not provide direct evidence
for the discharge of the targeted PTNs at the time of the TMS pulse,
the temporal relationship between M1 PTN discharges, EMG activ-
ity and movement execution was previously established in non-
human primates (Kalaska, 2009). In these simultaneous recordings
of pyramidal tract neuron discharges, EMG activity and movement
kinematics, neurcnal discharges preceded the onset of movement-
related EMG activity, and movement by 100-200 ms prior to EMG
onset {Crammond and Kalaska, 2000). In the present study, the
increases in EMG activity of the agonist prior to the onset of the
ballistic movement provide therefore indirect evidence of PTN
activity. Further, subthreshold TMS applied to M1 stimulates intra-
cortical connections targeting pyramidal tract neurons (Day et al.,
1987; Rothwell, 1997; Di Lazzaro et al., 1998a, 2002a) and can
therefore be used as means to stimulate M1 afferents targeting
pyramidal tract neurons, Evidence from direct epidural recordings
of the spinal cord by Di Lazzaro et al. suggests that indeed sub-
threshold rTMS activates primarily a low threshold subpopulation
of cortical neurons in proximity to the targeted hot spot (Di
Lazzaro et al., 2002a)

The lack of any significant rTMS related effects on the MEP of
the FCU muscle, 2 muscle antagonistic to the training movement
would support the notion of a specific effect for ECU muscle and
would argue against an overall increase in M1 excitability Further,
because there is evidence that motor learning occurs in the motor
cortex {Bitefisch et al,, 2000; Muellbacher et al.,, 2002b; Kalaska,
2009) the reported differences in rTMS-training intervention
related MEP amplitudes of ECU and FCU muscles likely reflect dif-
ferential excitability changes within the movement representation
of the motor cortex. The net effect of such changes in excitability
could be training-induced strengthening of the intracortical
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neuronal ensembles generating outputs supporting the training
movements,

4.1. Timing of the rTMS pulse with reference to the execution of the
training movement

In the present study, M1 stimulation was most effective in
increasing the formation and retention of a motor memory when
the stimulus occurred at movement onset (0.1 Hz rTMS_0 ms).
Stimulation during movement preparation (0.1 Hz rTMS_—100 ms)
was not different from Sham. This would suggest that the enhanc-
ing effect on MEP amplitude and acceleration demonstrated for the
0.T Hz rTMS_0'ms condition is likely more associated with M1
activity related to the execution of the motor command than to
the preparation of the moverent, Further stimulation after com-
pletion of the movement (0.1 Hz rTMS5_300 ms) produced only a
short lasting facilitatory effect on MEP amplitude and no improved
kinematics. This indicates that there was no specific effect on for-
mation of motor memory over the naive level in these conditions.
These results are consistent with the finding by Mrachacz-Kersting
et al. (2012) demonstrating a facilitatory effect on M1 excitability
when afferent M1 stirnulation by means of afferent peripheral
nerve stimulation arrives at M1 during the imagined execution of
the movement but not during imagined preparation or after imag-
ined completion of the movement {Mrachacz-Kersting et al., 2012).
The results are also compatible with results by Stefan et al. {2000,
2002), where low frequency (0.2 Hz) pairing of suprathreshold
I'TMS of M1 and electrical peripheral stimulation of somatosensory
afferents was used to stimulate two afferents converging on tar-
geted PNTs. In their study plastic changes were observed when
pairing of afferent stimulation was timed to occur synchronously
at the targeted PTNs. Similar to our results, stimulation at an inter-
stimulus time interval of >100 ms did not produce any enhancing
effect. In this regard, the results share similarities with results of
Hebbian type stimulation on a cellular level where pairing of tha-
lomo-corticat afferent stimulation with stimulation-induced firing
of the targeted postsynaptic PTN increased the probability of LTP
induction when applied at an interstimulus interval of <50 ms
(Baranyi and Szente, 1987).

The importance of timing was recently confirmed by another
group using rTMS and movement related M1 activity (Thabit
et al, 2010). In their study, suprathreshold rTMS was applied to
M1 at —50, +50, +100 and +150 ms in reference to the onset of
the practiced movement. A facilitatory effect of TMS on the MEP
amplitudes was observed when the TMS pulse arrived 50 ms prior
to the onset of the movement, The comparison of their results with
the results of the present study is limited because of the different
time intervals tested and the suprathreshold rTMS intensity which
will likely result in stimulation of a different group of cortical neu-
rons (Di Lazzaro et al,, 2002a,b; Kujirai et al., 2006). Further, in the
movement paradigm used by Thabit et al, the executed move-
ments failed to produce motor learning as indicared by the lack
of changes in the kinematics of the practiced movements and the
short lasting increase in the MEP amplitudes (15 min).

While our results support the notion of the importance of the
timing of events {stimulation of intracortical connections targeting
TN neurons and M1 activity), there are several limitation imposed
by the experimental set up and the fact that measurements were
taken at the system level as apposed to the cellular level in the
work by Baranyi and Szente (1987). In contrast to the stimulation
of thalamo-cortical afferents used by Baranyi et al., the cortico-cor-
tical neurons targeted in the present study are one subset of neu-
rons stimulated by TMS, TMS-elicited discharge might occur via
various local networks. Further, corticospinal neuron discharge in
M1 is associated with various aspects of the motor output as well
as somesthetic input.

Although the intensity of rTMS was comparable across the dif-
ferent stimulation conditions (Table 2), the voluntary muscle con-
traction in conditions where 1'TMS was applied at the onset of ECU
EMG activity (0.25Hz rTMS Oms, 0.5 Hz rTMS_Oms and 0.1 Hz
rTMS_0 ms) likely affected the level of excitability of the stimulated
neuronal population. Specifically, there is evidence from epidural
recordings of descending volleys in conscious humans that volun-
tary contraction increases the size and number of descending vol-
teys elicited by TMS (Di Lazzaro et al., 1998b). Further, rTMS during
volitional activity activates a different subpopulation of intracorti-
cal neurons (Kujirai et al., 2006). However, the absence of MEP
amplitudes in the conditions where rTMS was given at the onset
of the movement (see above) and the lack of enhancing effect with
'TMS at higher frequencies (0.25Hz rTMS_Oms and 0.5Hz
rTMS_0 ms) would argue against the possibility of voluntary activ-
ity related increases in neuronal excitability as the main underly-
ing mechanism for the enhancing effect seen in the 0.7 Hz
rTMS_0 ms.

4.2, Frequency of the rTMS pulse

Our experimental set-up differed from other pairing paradigms
in intact human M1 (Stefan et al,, 2000, 2002; Biitefisch et al.,
2004; Ziemann et al., 2004; Kujirai et al., 2006) and in vivo exper-
iments by Baranyi and Szente (1987), Baranyi et al. (1991) as pair-
ing of rTMS and movement execution at 0.5 Hz was most effective
when rTMS occurred at 0.1 Hz (0.1 Hz rTMS) which resulted in a
1:5 rTMS/movements ratio. The pairing at different ratios or higher
frequencies has not been tested in human M1 before and therefore
comparisons to results of other studies are limited. In the para-
digms used by Stefan et al. and Thabit et al. pairing occurred at
0.2 Hz and was reported to be effective for the induction of paired
associative plasticity (Stefan et al,, 2000, 2002; Kujirai et al., 2006)
or increases in M1 excitability (Thabit et al., 2010), The results of
the present study seems to be in contrast to our hypothesis based
on Hebb's rule where post-synaptic activity is preceded by pre-
synaptic activity and movement related M1 activity without rTMS
stimulation should have weakened the rTMS related effects. The
present data does not provide any information that could explain
the mechanisms underlying these findings. In future experiments
we will determine Mi excitability between the occurrences of
the rTMS stimuli to explore the possibility of relative refractoriness
of the stimuiated neuronal network, a phenomenon that could
explain the superiority of low frequency rTMS over the higher fre-
quencies in this paradigm. Another possible explanation for the
present results are the effects of 0.1 Hz subthreshold rTMS on GAB-
Aergic and glutamatergic function (Ziemann et al., 1998). In their
study subthreshold rTMS at 0.1 Hz frequency was effective in
enhancing deafferentation related M1 plasticity, decreased short
interval intracortical inhibition {(SICI} and increased intracortical
facilitatory activity {ICF) (Ziemann et al., 1998), Because SICl is con-
trolled by GABA and glutamate, the authers proposed that 0.1 Hz
subthreshold ITMS resulted in down-regulation of GABAergic func-
tion or up-regulates glutamatergic function or both (Ziemann et al.,
1998). As we did not measure SICI and ICF we cannot provide evi-
dence to substantiate this claim.

4.3, Limitations of the study

Due to the non-specific resolution of the method, it would be
difficult to categorically demonstrate the characteristic of input
specificity. In fact, in addition to the effects of direct stimulation,
FTMS aiso influences remote but interconnected regions of the
brain as a result of functional connectivity between cortical and
sub-cortical regions (Bestmann et al., 2003). In the present study
significant stimulation related increases in MEP amplitude were
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onty seen in ECU muscle, a muscle supporting the training and not
seen in the FCU muscle, a muscle antagonistic to the training
movement (Figs. 3 and 4). Because the time since the completion
of the rTMS intervention will affect the obtained measures, the
MEPs for both muscles ECU and FCU were elicited from the ECU
hot spot. Although the finding of the FCU muscle are therefore lim-
ited a similar approach was used in previous experiments were
TMS was applied to the location in M1 that eficits isolated thumb
movements. Specifically, MEPs evoked by stimulating this location
were recorded from the flexor pollicis brevis and extensor pollicis
brevis, muscles that function as agonist and antagonist in a motor
training task of the thumb. These recordings demonstrated very
distinct changes depending on whether the muscle acted as ago-
nist or antagonist despite the limitation of the site of stimulation
(Bitefisch et al., 2000, 2002; Sawaki et al., 2002; Biitefisch et al.,
2004}, The lack of changes in FCU muscle would therefore support
the notion that indeed, rTMS related increases in M1 plasticity
were induced in M1 areas representing the trained movement.
Although there is no direct evidence in the present study that plas-
ticity was induced at the cortical level, rTMS related increases of
this type of plasticity likely occur at the cortical level because sub-
threshold TMS deoes not result in descending volley (Di Lazzaro
et al,, 1998a, 2002a, 2004). Further, previous studies using a similar
training paradigm demonstrated that practice dependent plasticity
{Classen et al., 1998; Muellbacher et al., 2002b) and the early phase
consolidation of motor learning (Muellbacher et al., 2002b) occurs
at the level of the cortex and is blocked by drugs that interfere with
the activation of NMDA receptors or increase GABAergic transmis-
sion (Bitefisch et al., 2000).

In summary, we have demonstrated that the formation of motor
memory is enhanced by co-administrating rTMS at the time of exe-
cution of training movements and that this type of training
improved the kinematics of the trained movement above naive lev-
els, a finding that would support the notion of the formation of
motor memories within M1 as an initial first step in events leading
to improved motor skills. These results can be used to improve the
designs of new rehabilitation treatment strategies using rTMS dur-
ing motor training {Buetefisch et al., 2011). While the employed
experimental set up has limitations pertaining to the lack of spec-
ificity of the stimulated neurons and their connectiens as well as of
the origin of M1 discharges, the observed enhancing effect of rTMS
applied at the onset of the training movement on the formation of
a motor memory shares similarities with Hebbian or associative
LTP as increases in MEP amplitude and peak acceleration evolved
rapidly, were persistent, depended con the timing and frequency
of the afferent input with reference to the discharge of the pyrami-
dal tract neurons and were topographically specific. Further exper-
iments are needed to examine the mechanisms in more detail and
to completely rule out the possibility that non-Hebbian cellular
mechanisms operates in this type of plasticity.
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