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Abstract

Background—Standard repetitive transcranial magnetic stimulation (rTMS) devices generate
bidirectional biphasic sinusoidal pulses that are energy efficient, but may be less effective than
monophasic pulses that induce a more unidirectional electric field. To enable pulse shape
optimization, we developed a controllable pulse parameter TMS (cTMS) device.

Objective—We quantified changes in cortical excitability produced by conventional sinusoidal
bidirectional pulses and by three rectangular-shaped cTMS pulses, one bidirectional and two
unidirectional (in opposite directions), and compared their efficacy in modulating motor evoked
potentials (MEPS) produced by stimulation of motor cortex.

Methods—Thirteen healthy subjects completed four sessions of 1 Hz rTMS of the left motor
cortex. In each session, the rTMS electric field pulse had one of the four shapes. Excitability
changes due to rTMS were measured by applying probe TMS pulses before and after rTMS, and
comparing resultant MEP amplitudes. Separately, we measured the latency of the MEPSs evoked by
each of the four pulses.

Results—While the three cTMS pulses generated significant mean inhibitory effects in the
subject group, the conventional biphasic cosine pulses did not. The strongest inhibition resulted
from a rectangular unidirectional pulse with dominant induced current in the posterior-anterior
direction. The MEP latency depended significantly on the pulse shape.
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Conclusions—The pulse shape is an important factor in rTMS-induced neuromodulation. The
standard cosine biphasic pulse showed the smallest effect on cortical excitability, while the
greatest inhibition was observed for an asymmetric, unidirectional, rectangular pulse. Differences
in MEP latency across the various rTMS pulse shapes suggest activation of distinct subsets of
cortical microcircuitry.
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Introduction

Transcranial magnetic stimulation (TMS) is an established technique for noninvasive brain
stimulation. In addition to evoking action potentials in neurons with single strong magnetic
pulses, repetitive TMS (rTMS) protocols modulate the endogenous activity of brain circuits
by either increasing or reducing excitability (1-3). Neuromodulation with rTMS is an
indispensable technique in experimental brain sciences (4-6) and a promising tool in
neurology and psychiatry that is FDA-approved for the treatment of depression (7-15).

Although rTMS serves well as a noninvasive tool for studying basic scientific questions in
sufficiently large subject groups, the strength of neuromodulatory effects is relatively low
and competes with often stronger ongoing endogenous activity in the brain, resulting in
substantial variability of the neuromodulatory effects within and across subjects (16-20).
This is unfortunate for both neuroscientific and therapeutic applications, where strong and
reliable effects are desired. However, neuromodulatory effects in in-vivo and in-vitro animal
studies suggest that stronger effects may be possible (21-24).

Various parameters of rTMS have been studied to increase efficacy (25-29), including pulse
repetition rate (21,30-32) and coil size and shape (33). In comparison, the influence of the
pulse shape, i.e., the coil current or the induced electric field waveform as a function of time,
has been considered only within narrow limits (34—41). This has been due primarily to
technological reasons, as currently available devices can only generate a few distinct pulse
shapes (42). At present, rTMS neuromodulation is almost exclusively induced with
sinusoidal biphasic pulses, although experiments in the primary motor cortex have shown
that this pulse shape has a relatively low neuromodulation strength relative to other shapes,
such as sinusoidal monophasic (2,34,38-41). Unfortunately, pulse shapes that are more
effective cannot be generated at train frequencies greater than approximately 1-2 Hz with
standard devices (43,44). Furthermore, the parameter space of pulse shapes has barely been
explored, again primarily due technological limitations, and it is unknown which
characteristics render a pulse more effective or how pulses could be optimized.

To address these technological limitations we developed a controllable pulse parameter TMS
(cTMS) device that enables the efficient generation of pulses with various shapes (45,46). In
the present study, we used a cTMS device and a standard rTMS device to stimulate motor
cortex to compare the average effects on motor evoked potentials (MEPs) amplitude of 1 Hz
trains of several novel types of pulse shapes with the standard biphasic sinusoidal pulse.
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rTMS with 1 Hz trains tends to have an inhibitory effect, and is therefore a relatively safe
paradigm to explore novel pulse shapes with unknown effects. We programmed the cTMS
device to produce a rectangular bidirectional pulse shape, as well as a rectangular
predominantly unidirectional pulse shape with amplitudes of the anterior—posterior (AP) and
posterior—anterior (PA) electric field phases that differed by more than five fold. These
pulses were designed such that they can be generated efficiently using cTMS at high
repetition rates in subsequent excitatory mono-frequency and theta-burst protocols (47-49).

In addition, there are various options for probing the cortical excitability change in MEPs
from pre to post rTMS intervention, and there is currently no consensus on the best
approach. While several studies compared different rTMS pulse shapes by probing MEP
excitability with the pulse type used for the rTMS intervention (35,38,39), others use the
same monophasic shape for the test probe regardless of the rTMS condition (40,50-52).
However, the apparent excitability change resulting from rTMS can vary when detected with
different probing pulse types (18,34). Specifically, in inhibitory protocols, monophasic
probing pulses result in larger apparent changes in MEP amplitude than biphasic probing
pulses. To our knowledge, the effects of the directionality of the probing pulses have not yet
been studied, and therefore we quantified the influence of different probing pulse conditions
(directionality and amplitude) in pre- and post-intervention testing.

Materials and Methods

Subjects

21 healthy subjects (median age 21, age range 18-48 years, 14 female, 7 male, all right-
handed) were recruited and provided written informed consent. The study was approved by
the Duke University Medical School IRB. Subjects were excluded if they had a history of
any Axis | DSM-1V psychiatric disorder including substance abuse or dependence, as well
as any current medications or history of any neurological disease or other illness that would
present a risk with TMS or would potentially confound effects of TMS on cortical
excitability. All subjects were screened with urine drug tests to verify reported use. Women
of childbearing capacity underwent a pregnancy test. Subjects were tested for right-
handedness (modified Edinburgh handedness questionnaire). Thirteen subjects completed all
rTMS sessions of the study (8 female, 5 male, age range 18-44). The other eight subjects
dropped out or were excluded due to very high stimulation thresholds that precluded
implementation of the experimental procedure (3 subjects), repeated no-shows, or
withdrawal for personal reasons. Participants were questioned concerning side effects of
TMS in each TMS session.

Study design

The study comprised five sessions. In the first session, we applied single TMS pulses spaced
at least 7 s apart to the left primary motor cortex to familiarize the subject with the setup,
test tolerability, determine motor thresholds, measure motor evoked potential (MEP)
latencies, and calibrate the robotic coil holder for the study (see below). In the remaining
four sessions, we tested four different rTMS pulse conditions in the primary motor cortex.
Each of these sessions was performed exclusively with a different rTMS pulse shape so that
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every subject received all four conditions. The sequence of the conditions within a subject
was counterbalanced across subjects. The effectiveness of counterbalancing was ascertained
with a nominal logistic model with session number as independent variable and rTMS type
as dependent variable as well as a Pearson Chi? test, none of which were significant (p >
0.577 and p > 0.630, respectively). The rTMS sessions were at least five days apart, and
started approximately at the same time of day for each subject (+ 1 h).

Repetitive TMS

In each rTMS session, after estimation of the motor threshold and coil positioning, subjects
received 80 test pulses, taking about 13 minutes, followed by a 1000 s (16 min, 40 s) rTMS
train. This was immediately followed by a series of 180 test pulses, which took
approximately 30 minutes (see Figure 1).

The rTMS interventions consisted of 1000 pulses of one of the four rTMS pulse types at a
pulse rate of 1 Hz with a stimulation strength of 97.5% of the individual resting motor
threshold, defined as the pulse amplitude producing an average peak-to-peak MEP
amplitude of 50 V. This choice of pulse amplitude was based on the following
considerations. Prior studies of similar design showing stronger inhibitory effect of
monophasic versus biphasic sinusoidal pulses were conducted at subthreshold intensity
(90% of resting motor threshold) (34,35). On the other hand, for biphasic pulses, as in this
study, inhibitory effects have been reported for stimulation strengths between 90% and
125% of motor threshold (1,3,19,33,35,52-56), with evidence that stronger rTMS stimuli are
more effective (52,57,58). Therefore, we chose to use a stimulus intensity that is higher than
90% of motor threshold, potentially increasing the likelihood of significant inhibitory
effects, but that is not too high so as not to saturate possible pulse-shape-dependent selective
neural recruitment effects in the cortex and to limit spinal modulation effects (19,59). Of
course, the motor threshold is not an abrupt cutoff for motor responses but is rather a point
on the continuous recruitment curve that corresponds to a specific but arbitrary average MEP
amplitude (50 pV here, as standard in TMS). Thus, our choice of stimulus intensity is one of
many possible levels on the motor recruitment curve that is within the range for reported
inhibitory effects.

The four different rTMS pulses (see Figure 2) comprise

a. SB: the conventional sinusoidal biphasic bidirectional (similar electric field
amplitude in both polarities) pulse with initially AP induced current direction,
296 ps pulse duration;

b. RB: a rectangular bidirectional pulse with initially AP induced current direction
and a total pulse duration of 323 s;

C. RU-N: a rectangular unidirectional pulse, i.e., with unequal electric field phase
amplitudes so that a dominant phase is formed, with initially AP induced current
direction and a total pulse duration of 577 ps; and

d. RU-R: the unidirectional pulse from (c) with initially PA induced current
direction.
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Note that all these pulses correspond to biphasic magnetic pulses; the electric field phase
amplitudes are manipulated by changing the magnetic field rise and fall times (46). Phases
with positive polarity in Figure 2 correspond to induced current flowing in the PA direction
in the brain under the center of the figure-of-eight coil, whereas phases with negative
polarity correspond to induced current in the AP direction.

Cortical excitability probing with single-pulse TMS

In every rTMS session, the excitability change due to the rTMS intervention was detected by
comparing the amplitude of MEPs evoked by probing pulses before and after the rTMS
train. In accordance with conventional TMS protocols, these probing pulses had a
monophasic shape (Magventure Magpro X100 Option, rise time 104 ps) (34,40,50,52,60).
To detect potential effects of the probing pulse parameters on the detection of excitability
changes, we used four probing conditions: probing pulses were applied in both current
directions induced in the brain (AP and PA) and at different stimulation levels (baseline
MEP amplitude of approximately 750 uV and 1200 pV). For the baseline excitability level,
20 probing pulses of each type were administered in an interleaved manner with pseudo-
random order before the rTMS intervention so that the test pulses of each probing condition
were spread throughout the probing interval. Similarly, post-intervention probing was started
immediately after each rTMS intervention and comprised 45 interleaved and pseudo-
randomized probing pulses of each of the four conditions (both current directions, each with
two different stimulation levels) for a total of 180 pulses. The inter-pulse timing of the
probing pulses was jittered to reduce expectation effects and ranged between 8 s and 12 s.

TMS devices, targeting, and thresholding

The biphasic pulse (SB) for rTMS and the monophasic probing pulses are conventional
pulses and were generated with a commercial MagVenture MagPro X100 in standard and
power mode, respectively. A repetitive cTMS device, custom built in our lab, provided the
other three rTMS pulses (i.e., RB, RU-N, RU-R), which conventional stimulators cannot
generate (42).

Both probing and rTMS pulses were applied with the same figure-of-eight coil (MagVenture
Cool-B65 with liquid cooling). The coil was positioned at the location over left primary
motor cortex that led to the strongest MEPs in the right first dorsal interosseus (FDI) muscle,
using a systematic search. The coil was oriented approximately 45° to the midline of the
head with the coil handle pointing posteriorly. This coil position was used for all TMS
conditions, while changes in current direction were controlled by the stimulation devices.

A robotic system with adaptive positioning (ANT Neuro, Enschede, Netherlands) was used
to hold the coil at the position identified initially for maximum FDI response and to
compensate minor head movements of the subjects. In addition, all subjects were instructed
to sit as still as possible and avoid head movements. The coil position relative to the target
was constantly monitored with an additional stereotactic neuronavigation system
(Brainsight, Rogue Research, Montreal, Canada). All pulses, including thresholding,
probing, and rTMS, were applied under robot positioning.
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The resting motor threshold corresponding to 50 uV peak-to-peak MEP amplitude and the
probing levels were detected with an adaptive maximum-likelihood threshold estimator (61—
63). The optimal stimulation site, probing pulse levels, and resting motor threshold were
individually reestablished and refined using EMG at the beginning of each session.

Electromyography

Electromyographic (EMG) recording of MEPs in the right FDI muscle was conducted with
Ag/AgCI foam electrodes (Kendall 133, Covidien LLC, Mansfield, USA) and an EMG
amplifier (K800 with a SX230FW pre-amplifier, Biometrics Ltd., Gwent, UK). The MEPs
were sampled with 16 bit resolution at 5 kHz, and stored for analysis. Recordings that
showed activity of more than 40 puV peak-to-peak amplitude within the 200 ms interval
immediately before the TMS pulse were marked as facilitated and excluded from the
analysis.

MEP latency analysis

The onset latencies of MEPs produced with the four different pulse types used for rTMS
were measured in the first session to provide evidence for potentially different activation
sites in motor cortex neurons due to the pulse shape that could explain potential differences
in their rTMS neuromodulatory effects. Test pulses were applied as widely-spaced single
pulses with pseudo-randomized inter-stimulus intervals as described above to counteract the
subjects” expectancy. Since for rTMS the four pulse shapes are administered at stimulation
strength slightly below motor threshold, we measured the onset latency of the MEPs at each
pulse’s individual motor threshold. In addition, we measured the MEP latency at stimulation
strength that evokes MEPs with a peak-to-peak amplitude of approximately 1 mV. This
latency measure is more common in the literature, although it is likely associated with
stimulation of additional neuron populations compared to motor-threshold-level TMS, since
the MEP is close to saturation for some subjects and known to evoke different I-wave
components than stimulation at the resting motor threshold (64,65). The onset of an MEP
was defined as that time point after the TMS pulse where the EMG signal exceeded the +/-
20 pV band the last time before the first of the two peaks of the MEP. This detection level
was a compromise between avoiding false triggering from EMG noise and, on the other
hand, detecting small MEP amplitudes. EMG recordings without a detectable MEP were
excluded from the latency estimation.

All latencies are referenced to the respective TMS pulse’s dominant phase for neural
activation (see time zero in Figure 2). For all of the rTMS pulses, the dominant electric field
phase is the second one (42,66). This definition is intended to eliminate latency differences
that are caused by the long, low-amplitude leading phases of the unidirectional pulses that
are not expected to trigger neural activation.

Statistical Analysis

For high sensitivity of the statistical analysis, we took into account every single sample
without averaging. To normalize the known skewness of MEP data, we log-transformed all
MEP peak-to-peak amplitudes (67-70). Subsequently, we normalized the log-transformed
post-intervention amplitudes by the log-transformed mean of the corresponding pre-
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intervention amplitudes for each subject, session, and probing condition (current direction
and stimulation level). To evaluate the time course of the neuromodulatory effect and the
contribution of the various factors, we used a mixed—effects model for the post-intervention
probing MEPs with subject as a random factor and gender, rTMS pulse type, post-
intervention time, probing pulse current direction, as well as probing pulse stimulation
strength as fixed factors. Furthermore, we included the interactions of the rTMS pulse type
with probing pulse current direction and probing pulse stimulation strength, respectively. For
post-hoc analysis, we applied Tukey’s range test.

While the mixed-effects model shows whether there is significant variation of the MEP
amplitude over time, it does not provide significance of the MEP changes at specific time
points. Therefore, to contrast the time course of the modulatory effect after rTMS, we
averaged the log-transformed and normalized MEP amplitudes within several time bins.
Binning is the most common analysis approach in the TMS literature (25,33,34,38-40,56).
To evaluate the immediate effects of rTMS, we averaged the MEPs from the first 3.3 minutes
after the end of the stimulation train (20 pulses), for each subject and session. To explore the
time course of the aftereffects, the MEP data were further averaged into three 10-minute bins
starting at the end of rTMS. We used a Wilcoxon rank test for an analysis of the MEP
amplitude change relative to baseline in the averaged time bins.

We used a mixed effects model and post-hoc Tukey’s range test to analyze the motor
threshold and MEP latency data. To separate pulse-specific threshold and latency differences
from individual differences, we treated TMS pulse shape as a fixed effect and subjects as a
random effect.

All rTMS conditions were well tolerated by the subjects. The subjects reported few side
effects: across 81 total sessions, there was 1 report of mild headache and 13 of mild-to-
moderate stiff neck/neck pain. Of the side effects that were reported, those occurring with
rTMS using the three novel pulse shapes did not differ significantly from rTMS with the
conventional pulse. rTMS pulse type showed no significant influence on neck pain (F(4, 56)
=0.73; p = 0.58). No scalp pain, impaired cognition, concentration problems, or acute mood
changes were reported.

Motor threshold and MEP latency

The resting motor thresholds as percentage of the respective machine’s maximum output
were 50.5% + 10.0% (mean + standard deviation) for SB pulses, 34.1% + 6.0% for RB,
28.8% = 5.5% for RU-N, and 39.8% + 7.9% RU-R. The corresponding peak voltage at
maximum output is 1800 V for the MagVenture MagPro device, which is used for SB
pulses, and 2800 V for the cTMS device, which is used for RB, RU-N, and RU-R pulses.
The motor thresholds, converted to pulse amplitude in volts so they can be compared
between the two devices, are summarized in Figure 3(a). The pulse type had significant
influence on the motor threshold (F(3, 47.1) = 62.1; p < 0.001). Notably, the RU-N and RU-
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R pulses had significantly different motor thresholds according to the post-hoc tests (p <
0.001), supporting the notion that the RU pulse is indeed highly unidirectional.

The MEP onset latencies for the four rTMS pulse types are reported in Figure 3(b) and (c)
for approximately 50 pV and 1 mV MEPs, respectively. Figure S1 shows the raw EMG data
for one subject to illustrate the latency differences. The pulse type had significant influence
on the MEP onset latency (F(3, 714.3) = 31.4; p < 0.001 for 50 uV and F(3, 1081) = 132.9; p
< 0.001 for 1 mV). The pulses formed three significantly different groups determined by the
post-hoc test (p < 0.015): The earliest responses were evoked by the SB (on average 29.1 ms
for 50 puV and 26.2 ms for 1 mV) and the RU-N pulses (29.4 ms for 50 uV and 26.5 ms for 1
mV), forming the first group. The response to the RB pulse (30.3 ms for 50 pV and 26.8 ms
for 1 mV), forming the second group, arrived approximately a millisecond later. The last
group was formed by the responses to the RU-R pulses (31.5 ms for 50 uV and 27.6 ms for 1
mV), which occurred approximately another millisecond later.

Neuromodulatory effects

The mixed effects model of the averaged MEPs showed significant influence of the rTMS
pulse type (F(3, 8921) = 18; p < 0.001), time (F(1, 8920) = 22; p < 0.001), probing pulse
current direction (F(1, 8921) = 8; p < 0.006), and the interaction of probing pulse level and
rTMS pulse type (F(3, 8920) = 7; p < 0.001). The post-hoc test showed that the four rTMS
pulses can be separated into three significantly different groups by their neuromodulatory
effect (p < 0.02): The RU-N rTMS pulse showed the strongest inhibition, followed by the
RU-R and the RB pulses with approximately the same effect, and the conventional SB pulse
inducing weakest inhibition (Figure 4). Gender (F(1, 11) = 0.0177; p = 0.90), the probing
pulse level by itself (F(1, 8921) = 0.41; p = 0.52), or the interaction of probing pulse
direction and rTMS pulse type ((F(3, 8921) = 0.23; p = 0.08) did not appear to influence the
outcome.

We found inhibitory effects, manifested as a reduction of the average post-intervention MEP
amplitude, of at least ten minutes duration in three of the four rTMS conditions (both
unidirectional and the bidirectional cTMS pulses). The Wilcoxon rank test indicated that
within the first three-minute bin after the rTMS intervention, there were significant
reductions of the excitability for RB, RU-N, and RU-R pulses. The reductions amounted to
-14.5% (p = 0.078) for RB, —33.0% (p < 0.001) for RU-N, and —24.5% (p = 0.002) for RU-
R. For the conventional SB pulse, there was a nonsignificant average increase of 2.87% (p =
0.245). As illustrated in Figure 4, the MEP size averaged over the first three bins changed
relative to baseline by —20.3% (p < 0.001) for RB, -28.4% (p < 0.001) for RU-N, and
-23.2% (p < 0.001) for RU-R, while for SB there was a nonsignificant change by —2.46% (p
= 0.100). During this time interval, we observed a reduction of the log average MEP
amplitude by more than 5.0% (more than 20% in parentheses) in only 4 (3) subjects for the
standard SB rTMS, compared to 10 (8) for RU-N, 10 (6) for RU-R, and 8 (4) for RB. In fact,
6 (3) subjects exhibited an increase of the average MEP amplitude of more than 5.0% (20%)
for SB rTMS, compared to 3 (2) for RU-N, 2 (1) for RU-R, and 4 (2) for RB. Figure 4
further shows that the significant inhibitory effects after rTMS disappear for all but the RB
pulse condition in the second 10 min interval. By the last 10 min interval, the MEP
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amplitude averages of RB, RU-N, and RU-R are below the baseline and of SB are above the
baseline, although none is significant.

Over time, the MEP amplitudes for all four rTMS conditions returned to the vicinity of
baseline. There was a nonsignificant trend for different rates of the neuromodulation wash-
out across the pulse conditions. It was slowest for the conventional SB pulse and faster for
the other three pulse types, which were similar to each other. The RB condition showed a
trend for increasing inhibition in the second 10 min interval compared to the first 10 min
interval after rTMS. Due to the log-transformation, linear slopes correspond to exponential
decays.

Figure 5 shows the average effect of the four different probing pulse conditions across the
entire post-rTMS probing period. The strongest inhibitory effect was detected with the
monophasic PA probing pulse, and was significantly different from the MEP amplitude
change seen with the AP probing pulses (p < 0.006; see Figure 5(a)). Further, there was a
significant interaction of probing level and rTMS pulse type. For all but the RU-N condition,
the high strength probing pulses detected more inhibition than the weaker probing pulses,
but this effect was significant only for the RB rTMS pulse (p = 0.008). For the RU-N pulse
there was an opposite, nonsignificant trend.

Discussion

Effect of pulse characteristics on neuromodulation strength

In the present study, we altered the shape of biphasic magnetic pulses in a controlled manner
for the first time using a cTMS device. The novel unidirectional as well as bidirectional
rectangular electric field pulses applied to motor cortex at 1 Hz generated greater inhibition
of subsequent MEP amplitude than the standard SB pulse, which did not produce a
significant change in excitability in the primary motor cortex. The lack of reliable inhibitory
effects using SB pulses in 1 Hz rTMS is consistent with reports in the literature, which
indicate that the effects are variable and subtle compared to endogenous excitability
changes, and often not detected at all (17,34,38-41,71). As well, our finding of superior
effectiveness of unidirectional shapes is supported by the literature: A high asymmetry of the
electric field amplitude in the two polarities of a pulse is also a characteristic of the standard
monophasic pulse, which is reported to be more effective than biphasic rTMS pulses in the
majority of excitatory (38—40) and inhibitory (34,35,41) paradigms.

The conventional monophasic pulse, however, has the limitation that it cannot be generated
at high repetition rates with available devices. The reason for that limitation is the high
power requirement and heat dissipation associated with the conventional circuit for
generating the monophasic pulse (42). The novel approach taken in this study was to
generate biphasic magnetic pulses with different rise and fall times, resulting in differing
degrees of bidirectionality (45,46). The more unidirectional of these pulses (RU-N and RU-
R) have electric fields similar to conventional monophasic pulses, but can be generated at
higher repetition rates with the existing cTMS device. Alternative approaches could involve
device developments that would allow the generation of unidirectional monophasic pulses at
high repetition rates. In principle, the cTMS device power supply could be modified to
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accomplish this, or a novel circuit topology that allows the efficient generation of virtually
any pulse shape could be deployed (42,45,46,72).

With the high asymmetry in the unidirectional shape, another parameter gains importance:
the electric field direction of a pulse. In the present study, the rectangular unidirectional
pulse that was most effective in producing inhibition was asymmetric in its effects, i.e., the
induced electric field in one direction (RU-N) produced stronger inhibition than that in the
other (RU-R). Notably, the absolute electric field strength of the less effective unidirectional
pulse (RU-R) was greater than that of the more effective one (RU-N) since the motor
threshold of the former was higher. Thus, higher absolute field strength of the pulse did not
result in stronger inhibition in this case. The different neuromodulatory effect could have
occurred for reasons of the spatial relation between the induced current direction and the
predominant axon geometry and orientation of the neurons in the stimulated region. This
hypothesis is also supported by the different MEP onset latencies of the two current
directions of the unidirectional pulse, which argues for different activation sites. However,
pulse direction comparisons in the literature are not consistent. While some studies show a
trend that the AP monophasic pulse direction generates stronger effects (36), others report
equal (39) or stronger effects for the PA induced current direction (38). The inconsistency
among outcomes raises the question whether the average difference in effects with the two
current directions is small compared to endogenous excitability fluctuations; whether other
parameters which may vary across studies, such as stimulation strength or probing pulse
type as well as directionality, modulate the effects; or whether the detection method, i.e.,
probing with test pulses, is not sensitive enough.

An explanation of our observation that rectangular pulses, including the bidirectional pulse,
showed on average stronger effects than the conventional sinusoidal biphasic pulse, seems to
be beyond what currently available models can provide, although features such as the sharp
edges or the residual asymmetry in the bidirectional pulses could be contributing factors.
However, further investigation is needed to see if the rectangular shape of the pulses is
indeed an important factor, and in case it is, how this could be explained.

This study represents only one step in strengthening neuromodulatory effects through new
pulse types. Our choice of rTMS train intensity, frequency, and duration constitute a single
point in a large parameter space, within which we explored the effect of pulse shape with
relatively arbitrary pulse designs. Like in other similar studies, our results are limited to the
specific rTMS parameter choices. Furthermore, we did not characterize systematically the
variability of the neuromodulatory effects within and between subjects. Nevertheless, taken
together with other studies of rTMS-induced excitability changes, our results help to map
out the wide parameter space. A systematic way to identify optima for neuromodulation
strength will require a deeper understanding of the neural mechanisms involved, which
could then be applied, for example, in a systematic optimization framework (73,74).

Effect of pulse characteristics on neural activation site

The onset latencies of the MEPs evoked by the four pulses used for rTMS were significantly
different between some of the pulses. For the asymmetric, unidirectional pulse, the onset
latency was also strongly dependent on current direction, with a delay between the two
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directions (RU-N and RU-R) of about two milliseconds. Such directionality differences were
also observed using other pulse types (75-78).

The onset latency is thought to be a reliable measure of the site of action potential initiation
in the cortical microcircuitry. The relative MEP delay is thought to reflect the number of
synapses that the corticospinal volley has to traverse on its way from the cortex to the target
muscle (64). According to that framework the pulses with lowest latencies, SB and RU-N,
may (co-)activate directly axons closest to the upper motor neurons—potentially the upper
motor neurons themselves or their excitatory inputs (64). The RB pulse, in contrast, with its
delayed response could preferentially activate synaptic inputs of the latter two groups
(64,79). Finally, the RU-R pulse may primarily affect even earlier, e.g., interneuron stages in
the circuit.

The different onset latencies support the possibility that three of the four pulses chosen for
rTMS activated different sites in the microcircuitry of the primary motor cortex at
stimulation amplitudes around the resting motor threshold. Furthermore, the different
activation sites may reflect separate function, i.e., inhibitory or excitatory input (64,80), and
may lead to explanations of the different effects of neuromodulatory interventions with these
pulses.

However, the latencies seen for the SB and RU-N pulses challenge such a classification.
Despite their similar MEP latency, their rTMS effects were significantly different. This
could have various reasons. For example, the onset latency could be determined by the
activation site closest to the upper motor neuron, irrespective of additional, potentially
dominant activation sites in the circuit that may be at another, earlier stage of the motor
system, and that may differ between the two pulses.

Influence of probing pulses

Across three of the four rTMS pulse shapes (RB, RU-R, and SB), a stronger inhibition in
MEP amplitude was observed to probing pulses with higher stimulation levels (see Figure
5(b)). This observation is compatible with earlier observations that rTMS affects the upper
sections of input-output curves, i.e., MEPs in response to higher stimulation amplitudes,
more strongly than the lower ones (18,81). Whereas these studies compared absolute MEP
size changes and did not correct for the exponential characteristic of the 1-O curve
(67,68,82), we confirmed this relationship for the relative MEP changes in the log-
transformed data. Gangitamo et al. speculate that such a MEP amplitude dependency may be
the effect of a changed saturation level, which could be an indicator of the balance of
inhibitory and excitatory influences in the motor cortex (18). Synaptic modulation of either
inhibitory or excitatory circuits would accordingly shift the level. On the other hand, such an
effect could also be explained by the model that rTMS maostly affects certain components of
the corticospinal volleys such as later I-waves (65,83). Since these later 1-waves have been
found preferentially in response to stronger test stimuli (64,65,83), a suppression by
inhibitory rTMS would affect preferentially MEP responses to these higher stimulation
levels.
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For RU-N rTMS the trend was reversed, i.e., stronger inhibition was detected for the lower
probing level. This observation could potentially show that rTMS pulses stimulate and
modulate different neuron populations since probing pulses with different stimulation
strength are considered to recruit different corticospinal volleys (64). This interpretation is
consistent with the fact that the RU-N pulse had the strongest neuromodulatory effect,
implying a neural activation pattern different from that of the other rTMS pulses. However,
it should be noted that subtle measurements such as the different effect of the rTMS pulses
on the various probing conditions may be too fine to be measured robustly in our study if it
is assumed that the relatively weak rTMS-induced neuromodulation effects were perturbed
by strong endogenous excitability fluctuations. This may have been the case, given that the
two probing levels were relatively close to one another due to the high slope of the
corticospinal input—output curve. Across all subjects, the stronger probing TMS pulse had
on average only 7% higher stimulation amplitude than the weaker one. Furthermore, the
interaction of probing conditions and rTMS pulse types may have been strongly influenced
by anatomy specific to each individual.

Finally, stronger inhibition was detected with PA monophasic probing pulses compared to
the AP probing pulses. This observation may concur with a differential effect on certain
components of the induced corticospinal volley. For example, the observation that AP
monophasic pulses recruit later I-waves to a larger degree than their PA counterparts (64),
would suggest that these two pulse conditions are probing different subsets of the cortical
microcircuitry. On the other hand, the neural sites that generate the later I-waves were
identified in some studies as the most responsive elements to conventional 1 Hz SB rTMS
(83). A simple interpretation of these observations would suggest that we would expect the
AP probing pulses to reveal a stronger neuromodulation effect, which is opposite to our
findings, except for the RU-N condition. These observations underscore the complexity of
the neural response to rTMS, its probing, as well as its analysis, and call for more detailed
studies of the neuron-level activation and modulation patterns resulting from rTMS.

Conclusion

In this study, conventional sinusoidal biphasic pulses, which are presently the standard for
rTMS neuromodulation in experimental brain research and medical therapy, had a lower
effectiveness than rectangular rTMS pulse shapes in a 1 Hz inhibitory paradigm. The
strongest inhibition was achieved with a pulse with a rectangular unidirectional electric field
generated by a cTMS device. Furthermore, different rTMS pulse shapes may be activating
distinct sites in the cortical microcircuitry, which could provide a potential explanation for
the differences in neuromodulation efficacy. Overall, the higher effectiveness of novel pulse
shapes is encouraging, but more research is required to understand the underlying basis for
these differences. Enhanced mechanistic understanding could enable the design of even
more effective pulses and translation of these paradigms to other cortical targets. Modeling
the effects of the various pulses at both a local neuronal level and at a larger anatomical
level, incorporating individual features of TMS targets, will likely play an important role in
translation to clinical applications, especially in brain areas outside primary motor cortex.
Finally, rTMS devices with flexible pulse shaping enable optimized neuromodulation
paradigms and will help uncover underlying mechanisms.
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Figurel.
Structure of the rTMS sessions: the rTMS intervention, which uses one of four pulse shapes

ina 1 Hz, 1000 pulse train at 97.5% of resting motor threshold (MT), is preceded by an
approximately 13 minute excitability probing train (80 pulses comprising equal numbers of
four different probing pulse conditions) to establish a baseline. A corresponding probing
train (180 pulses) is applied immediately after the rTMS intervention to quantify excitability
changes. The rTMS and probing pulse shapes are defined and illustrated in Figure 2.

Brain Stimul. Author manuscript; available in PMC 2017 July 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goetz et al. Page 19

. 11(@) (c) (e)
£ 05(SB /\ RU-N
= () presssmemmpranany ./ !‘. 'hmm
- /
& -0.5 / \
L I /
o af(b) e (d) (f)
€ o5 RB RU-R
(@] ' f
E () pomatiaum |
E =35 / |
w

-1 | \:

-0.2 0 0.2 -0.2 0 0.2 -0.2 0 0.2
Time (ms) Time (ms) Time (ms)

Figure 2.
Recorded electric field waveforms of the four rTMS pulses (a)-(d) and the two probing

pulses (e)—(f): (a) conventional sinusoidal bidirectional, SB; (b) rectangular bidirectional,
RB; (c) rectangular unidirectional with initial anterior—posterior (AP) induced current, RU-
N; (d) rectangular unidirectional with initial posterior—anterior (PA) induced current, RU-R;
and (e), (f) conventional sinusoidal monophasic pulse with PA and AP initial induced
current, respectively. The pulse amplitude was normalized to unity for all pulses. Positive
and negative electric field values correspond respectively to PA and AP direction of the
current induced in the brain under the center of the figure-of-eight coil.
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Figure 3.
(a) Resting motor thresholds of the four pulse shapes used for rTMS. The threshold is

measured as the peak coil voltage to enable comparison between the two different TMS
pulse generation devices (cTMS and MagPro) used in the study. (b) Corresponding MEP
onset latencies detected in a single-pulse measurement at the resting motor threshold (50 pV
peak-to-peak MEP amplitude) in the first session. (c) Same as (b) but for stimulation
intensity corresponding to approximately 1 mV peak-to-peak MEP amplitude. Bars and
whiskers indicate mean and standard error, respectively. Asterisk (*) indicates conditions
that are significantly different from all other conditions (p < 0.05).
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Lognormalized MEP size
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Percentage change of average MEP amplitude relative to baseline after rTMS with each of
the four different pulse shapes. The MEP data is binned and log-averaged over three
intervals of approximately 10 min duration. Markers and whiskers indicate logmean and
lognormal standard error, respectively. Asterisk (*) indicates conditions that are significantly
different from baseline (p < 0.05).
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Figureb.

Influence of (a) the probing direction (AP vs. PA) and (b) the probing pulse level on the
MEP amplitude change after rTMS with each of the four pulse shapes. Markers and
whiskers indicate logmean and lognormal standard error, respectively.
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