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Abstract—The pulse waveform and current direction of transcranial magnetic stimulation (TMS) influence its
interactions with the neural substrate; however, their role in the efficacy and reliability of single- and paired-
pulse TMS measures is not fully understood. We investigated how pulse waveform and current direction affect
the efficacy and test retest reliability of navigated, single- and paired-pulse TMS measures. 23 healthy adults
(aged 18-35 years) completed two identical TMS sessions, assessing resting motor threshold (RMT), motor-
evoked potentials (MEPs), cortical silent period (cSP), short- and long-interval intra-cortical inhibition (SICI and
LICI), and intracortical facilitation (ICF) using either monophasic posterior-to-anterior (monopa; n = 9), monopha-
sic anterior-to-posterior (monoap; n = 7), or biphasic (biap.pa; N = 7) pulses. Averages of each TMS measure were
compared across the three groups and intraclass correlation coefficients were calculated to assess test-retest
reliability. TMS with biAP-PA pulses yielded the lowest RMT and longest cSP, whereas MEP latency was the short-
est with monop, pulses. SICI and LICI had the greatest inhibition with monop, pulses, whereas only mono,p and
biap.pa pulses resulted in significant ICF. MEP amplitude was more reliable with either monopa or mono,p than
with biap.pa pulses. LICI was the most reliable with monosp pulses, whereas ICF was the most reliable with
biap.pa pulses. Waveform/current direction influenced RMT, MEP latency, cSP, SICI, LICI, and ICF, as well as
the reliability of MEP amplitude, LICI, and ICF. These results show the importance of considering TMS pulse
parameters for optimizing the efficacy and reliability of TMS neurophysiologic measures. © 2018 IBRO. Published
by Elsevier Ltd. All rights reserved.
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the electric current induces a change in the magnetic field
perpendicular to the plane of the coil. The rapid fluctuation
in the magnetic field in turn induces a current in the brain
that is parallel to the coil but in the opposite direction of
the original current (Hallett, 2007). When applied over
the primary motor cortex, the induced current can lead
to activation of the corticospinal pathway and produce a
muscle response, or motor-evoked potential (MEP), con-
tralateral to the site of stimulation. The seemingly straight-
forward account of the mechanisms of TMS belies the
complex interplay between the pulse parameters and
the dynamic properties of each individual's brain where
the electrical current is induced. Some of the main factors
known to influence this current—brain interaction include
TMS pulse parameters such as waveform and the direc-
tion of the induced current in the brain (Di Lazzaro
et al., 2001a, 2003, 2011; Di Lazzaro and Rothwell,
2014), individual differences in optimal current direction
(Balslev et al., 2007) and pattern of cortical sulcation
(Silva et al., 2008; Salvador et al., 2011), coil-cortex dis-
tance (Kozel et al., 2000; McConnell et al., 2001; Stokes
et al., 2013), and state-dependent factors (Silvanto et al.,
2007; Ridding and Ziemann, 2010).

The full effects of parameters such as pulse waveform
and current direction have not been adequately studied,
despite clear evidence of their importance in shaping
the outcome of TMS (Mills et al., 1992; Sakai et al.,
1997; Kammer et al., 2001). Most TMS stimulators
generate pulse waveforms that are either biphasic or
monophasic (although other shapes such as half-sine
and square-wave pulses are also available on some
machines). These two common types of waveforms can
be distinguished based on the length and duration of the
first and second phases of the pulse waveform. For exam-
ple, biphasic pulses tend to have two equal phases with
opposite polarities, whereas monophasic pulses have a
shorter, rapid first phase and a longer, slow second
phase. The direction of the induced current in the brain
is determined by the coil shape (e.g., circular or figure-
8), the direction of the current through the coil windings
(e.g., posterior-to-anterior or anterior-to-posterior at the
center of a figure-8 coil), the orientation of the coil relative
to the stimulated cortex (e.g., perpendicular to the motor
cortex), and sulcal geometry (Salvador et al., 2011).

Previous studies suggest that specific waveforms and
current directions preferentially stimulate different neural
components in different cortical layers. These studies
are based on invasive epidural recordings of the efferent
corticospinal neurons (Di Lazzaro et al., 2001a, 2003,
2011; Di Lazzaro and Rothwell, 2014). A corticospinal vol-
ley elicited by TMS can be composed of a D-wave and/or
one or more l-waves, which are produced by direct and
indirect (likely via presynaptic interneurons) activation,
respectively, of layer-V pyramidal tract neurons (PTNs)
(Amassian et al., 1989, 1990; Thompson et al., 1991;
Burke et al., 1993). Based on these studies, different the-
oretical cortical models have been proposed to explain
the current-brain interactions (Ziemann and Rothwell,
2000; Di Lazzaro and Rothwell, 2014; Rusu et al., 2014).

A given TMS protocol can be assessed in terms of its
efficacy (will the protocol produce the expected

outcome?) and consistency (is the effect reproducible in
the same subjects on different occasions?). Both of
these questions are especially relevant as TMS-based
neurophysiological measures are increasingly explored
for their diagnostic and prognostic potential. While
several studies have examined the effects of waveform
and current directions on TMS measures (Mills et al.,
1992; Sakai et al., 1997; Niehaus et al., 2000; Kammer
et al., 2001; Orth and Rothwell, 2004; Takahashi et al.,
2005; Sommer et al., 2006, 2013; Ni et al., 2011;
Delvendahl et al., 2014a,b; D’Ostilio et al., 2016;
Stephani et al., 2016), none have investigated the influ-
ence of these parameters on both the efficacy and test—
retest reliability of common single- and paired-pulse
TMS protocols. The present study aims to fill this impor-
tant gap through a direct comparison of the most common
single- and paired-pulse TMS measures obtained with
three widely used pulse configurations from healthy adults
over the course of two sessions.

EXPERIMENTAL PROCEDURES
Participants

Twenty-six healthy adults (aged 18-35 years, 14 females,
22 right-handed as determined by the Edinburgh
Handedness Inventory; Oldfield, 1971) participated in
the study that was approved by the local Institutional
Review Board in accordance with the Declaration of Hel-
sinki. All participants provided written informed consent
prior to enroliment and received monetary compensation
upon completion.

Participants completed two identical TMS sessions
(intersession interval range 1-70 days;
median = 10.5days). Participants were randomly
separated into three groups based on the waveform and
direction of current induced in the motor cortex (Fig. 1):
ten received monophasic posterior-to-anterior (monop,),
nine received monophasic anterior-to-posterior
(monoap), and seven received biphasic with an anterior-
to-posterior initial phase (biap.pa). Three participants
completed all experiments but were subsequently
excluded from all analyses: one from the monopa
condition was excluded because of a prior history of
traumatic brain injury that was not disclosed during
enroliment screening. Two from the monoap condition
were excluded because their resting motor thresholds
(RMTs) were higher than 83% of maximum stimulator
output (MSO), which precluded stimulation at 120% of
RMT. The remaining cohort was comprised of 23
participants (9 monopa, 7 mMoOnNOap, 7 biap.pa).
Participants had normal physical and neurological
examinations, and had no history of medical disease or
TMS contraindication. Participants’ demographics are
presented in Table 1.

For comparison with the present cohort of young
adults, reliability data on RMT, baseline MEP amplitude,
and paired-pulse protocols with monopa and biap.pa
pulses were obtained from a previous study on 12 older
adults (six females) aged between 51 and 77 (see Fried
et al., 2017 for full details).
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Fig. 1. TMS pulse waveforms and induced current directions used in
the study. (A) Diagram showing monophasic posterior-to-anterior
(PA), monophasic anterior-to-posterior (AP), and biphasic AP-PA
TMS pulse waveforms. (B) Diagram showing location of the TMS coil
over the left primary motor cortex with arrows depiction the direction
of the induced current(s) in the brain.

Electromyography

Surface electromyogram (EMG) was recorded from the
dominant hand’s first dorsal interosseous (FDI) with a
PowerLab 4/25T data-acquisition device and Scope
software (AD Instruments, Colorado Springs, CO, USA).
Electrodes were placed over the FDI belly (negative)
and the first interphalangeal joint of the second finger
(positive). The ground electrode was placed over the
ipsilateral ulnar styloid process. EMG was digitized at
1kHz and amplified with a range of +10mV (band-
pass filter 0.3—1000 Hz). Participants were monitored for
drowsiness and were asked to keep their eyes open
throughout the experiment.

Table 1. Participant characteristics

Transcranial magnetic stimulation

TMS was performed by one of three experienced TMS
technicians (the same technician performed both visits
for a given subject). Participants were seated
comfortably in a chair with their arms resting in a natural
~90° angle on a table in front of them. TMS was
performed with a MagPro X100 device (MagVenture A/
S, Denmark) using a Cool-B65 figure-of-eight coil (outer
diameter 75 mm) hand-held over the motor cortex in the
dominant hemisphere with the handle pointing
backwards at a ~45° angle. A Polaris infrared-optical
tracking system (Northern Digital Inc., Waterloo, ON,
Canada) and Brainsight (Rogue Research, Inc.,
Montreal, QC, Canada) with a brain MRI template were
used to maintain consistent targeting within sessions.

Each session began by assessment of the motor
“hotspot” and RMT. The hotspot was identified de novo
at each visit as the optimal stimulation site for the motor
cortex. The RMT (% MSO) was defined according to the
International Federation of Clinical Neurophysiology
guidelines (Rossi et al., 2009; Rossini et al., 2015) as
the lowest intensity that elicited an MEP >50 pV in at least
50% of trials.

TMS measures were then acquired in the following
order: (1) Baseline (unconditioned) cortico-motor
reactivity was assessed by applying 10 single pulses at
rest at 120% of RMT. The average peak-to-peak
amplitude (Baseline MEP amplitude) and the average
time from the TMS pulse until the onset of the MEP
(MEP latency) were measured. (2) The cortical silent
period (cSP) was assessed by applying ten single

Participant Waveform/current Gender Handedness Medications Days between Start-time difference
direction visits (h)
1 biAp_pA Male nght - 1 0.5
2 biap-pa Female Right Birth control 25 0.5
3 biAp,pA Male nght - 1 1
4 biap-pa Female Right - 5 3
5 biAp_pA Male nght - 7 0
6 biap.pa Male Left - 7 0
7 biAp_pA Male nght - 5 0
8 monoap Female Right Birth control 36 0
9 monoap Male Right - 5 1
10 monoap Female Right — 24 5
11 monoap Female Right Birth control 1 2
12 monoap Female Left Birth control, cetirizine 36 2
hydrochloride
13 monoap Female Right Birth control, vitamins 70 0.5
14 monoap Female Right - 13 0
15 monopa Male Right - 16 4.5
16 monopa Female Right Birth control 16 0
17 monopa Male Right Vitamins 1 1
18 monopa Female Right Birth control 4 0
19 monopa Female Right Birth control 7 0
20 monopa Male Left - 10 0.25
21 monopa Female Right - 12 5
22 monopa Female Right Birth control 14 3
23 monOopp Male Left Cetirizine hydrochloride 9 2

Abbreviations: biAP-PA, biphasic anterior-to-posterior—posterior-to-anterior; monoAP, monophasic anterior—posterior; monoPA, monophasic posterior—anterior.
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pulses at 120% of RMT during isometric FDI contraction
at ~25% of maximum strength. Live EMG was
monitored for muscle contraction throughout cSP
measurements and recorded in 5-s epochs and
participants could rest for a few seconds between
pulses. The cSP duration was measured in ms from
non-rectified signal from MEP onset to the resumption
of pre-TMS EMG activity (Orth and Rothwell, 2004), and
averaged over 10 ftrials. (3) Paired-pulse protocols
included short-interval intra-cortical inhibition (SICI),
long-interval intra-cortical inhibition (LICI), and intracorti-
cal facilitation (ICF) (Valls-Solé et al., 1992; Kujirai
et al., 1993). 40 pulses per protocol (120 trials total) were
administered in a pseudorandom, interleaved order to
reduce blocking effects and at a pseudo-randomized
inter-trial interval (4-6s) to minimize expectation and
avoid hysteresis. SICl and ICF consisted of a conditioning
stimulus (CS) at 80% of RMT, a test stimulus (TS) at
120% of RMT and an inter-stimulus interval (ISI) of 3
and 12 ms, respectively. In LICI, CS and TS were 120%
of RMT separated by a 100-ms ISl. The amplitude of
the conditioned MEP for each protocol was averaged
across 40 trials and expressed as a percent change from
baseline MEP amplitude (%A SICI, %A ICF, %A LICI).
For each TMS measure (except RMT), individual data
points >2.5 SD from the mean were excluded.

Comparative data from older adults included RMT and
MEP amplitude with monopa and biap_pa and paired-pulse
protocols using monopa, performed with Nexstim
(Nexstim Plc, Finland). For full details, see (Fried et al.,
2017).

Statistical analyses

Analyses were performed in MATLAB and Statistics and
Machine Learning Toolbox Release 2015b (The
MathWorks, Inc., Natick, MA, USA) and Stata version
13.1 (StataCorp, College Station, TX, USA) using a two-
tailed 95% confidence interval (x = 0.05). TMS
measures were calculated for each waveform/current
direction (monopa, MONOap, biap.pa), hereafter referred
to as Waveform.

Shapiro—Wilk's tests indicated deviations from
normality for MEP amplitude, %A SICIl, %A ICF, and
%A LICI (p’'s < 0.05), but not for RMT, cSP, and MEP
latency (p’s > 0.74). Levene’s tests indicated significant
heteroscedasticity for %A SICI, %A ICF, and %A LICI
(p’s < 0.05), but not for RMT, baseline MEP amplitude,
cSP, or MEP latency (p’'s > 0.15). To conform to the
assumptions of our parametric statistical tests, baseline
MEP amplitude, %A SICI, %A ICF, and %A LICI were
transformed as described previously (van Albada and
Robinson, 2007). After transformation, only %A LICI
remained non-normal (p < 0.01) and was analyzed using
non-parametric tests. There was no significant
heteroscedasticity among the three Waveforms for %A
SICI, %A LICI, or %A ICF after transformation
(p’s > 0.17).

Data were analyzed in terms of efficacy [1] and
reliability [2] and their relationship to RMT [3] using the
following approaches:

Magnitude of TMS measures across waveforms and
visits
TMS measures were entered as dependent variables into
separate mixed-effects ANOVAs (me-ANOVAs) with
Waveform as a between-subject factor and Visit (Visit-A,
Visit-B) as a within-subject factor. For MEP latency,
Shapiro-Wilk’s tests indicated the residuals were not
normally distributed (p < 0.05), so the ANOVA was
rerun after transforming the data in the manner
indicated above. For %A LICI, the residuals for the
transformed values were still found to be non-normal so
a non-parametric two-level, mixed-effects ordered
logistic regression (me-OLR; with subjects nested in
Waveform) was used instead. Pairwise comparisons of
TMS measures between waveforms were conducted
using Tukey’s honestly significant difference (HSD) test.
To control for the effect of potential confounding
variables, we separately added Gender, Inter-Visit
Interval (in days), or Time Difference (in minutes)
between the starting times of the two visits as a
covariate to the above models with the transformed
values of TMS measures as dependent variable.

Efficacy of paired-pulse measures across waveforms
and visits

Average MEP amplitudes for each paired pulse
conditioned were entered into separate me-OLRs for
each waveform, with MEP amplitude as dependent
variable, MEP Type (conditioned vs. unconditioned) as
independent variable and Visit as a within-subject factor.

Reliability of single- and paired-pulse TMS measures
across waveforms

Intraclass correlation coefficients (/CCs) were calculated
for all TMS measures for each waveform using the ICC
(A,1) formula (McGraw and Wong, 1996). Following
Portney and Watkins (2009), ICC values were interpreted
as high (ICC > 0.75), moderate (0.50 < ICC < 0.75), low
(0.25 < ICC < 0.50) or very low to none (ICC < 0.25).
ICCs were compared across Waveform using mixed-
effects F-statistics (McGraw and Wong, 1996). The
effects of Gender, Inter-Visit Interval, or Time Difference
on all the ICCs were assessed by including the covariate
of interest in the corresponding mixed-effects regression
model and recalculating the residual intraclass
correlation.

Reliability of TMS measures in young and older
adults

Data on RMT (monopa, biap-pa), baseline MEP (monopa,
biap-pa), and SICI, LICI, ICF (monopa) were compared
between the current cohort and a previously acquired
cohort of older adults using mixed-effects F-statistics.

Relationship between RMT and other TMS measures

Each TMS measure was entered into a separate mixed-
effects linear regressions with RMT as a predictor,
Waveform as a between-subject factor, Visit as a within-
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subject factor, and Waveform x Visit interaction. All linear
regression analyses were conducted using the
transformed values for the TMS measures. For each
regression analysis, we checked the bivariate normality
between RMT and the other TMS measure using the
Doornik—Hansen test. There was no significant deviation
from bivariate normality in any of the regression models
(p’'s > 0.19).

RESULTS

Magnitude of TMS measures across waveforms and
visits

The effects of the TMS measurements in each condition
are presented in Fig. 2. The results of me-ANOVAs on
TMS measures are detailed in Table 2. There was a
significant overall effect of Waveform on RMT
(F220 = 9.28, p = 0.001, 115 = 0.48). Tukey’'s HSD test
indicated RMT was significantly higher with monoap than
with either monopa (t14 = 13.99, p < 0.05) or bisp.pa
(ty2 = 11.98, p < 0.05). Furthermore, RMT was
significantly  higher with monops than bisp.pa
(t14 = 25.98, p < 0.05). MEP latency was significantly
shorter with monopa than with either biap.pa (t14 = 8.05,
p < 0.05) or monoap (t4 = 11.52, p < 0.05). The cSP
was significantly shorter with monopa than with biap.pa
(t44 = 3.64, p < 0.05). None of the other pairwise
differences in single-pulse TMS measures between the
waveforms were significant (p’s > 0.05).

After controlling for the effect of potential confounding
variables, including Gender, Inter-Visit Interval, or Time
Difference, on the transformed single-pulse TMS
measures, the only observed significant association was
between MEP latency and Gender, which was a
significant predictor (F4 20 = 6.72, p = 0.02, nf, = 0.26).
Controlling for Gender, the pairwise differences in MEP
latency between monopa and either monoap (14 = 6.88,
p < 0.05) or biap.pa (t14 = 9.79, p < 0.05), remained
significant. No comparisons of any other single-pulse
TMS measure was significantly influenced by Gender,
Inter-Visit Interval, or Time Difference (p’s > 0.10).

For paired-pulse measures, the transformed values of
%A SICI, %A LICI, and %A ICF were entered into
separate me-ANOVAs, as described above. The results
(Table 2) showed a significant effect of Waveform for
%A ICF (Fz20 = 10.23, p < 0.001, nﬁ = 0.51), but not
for %A SICI or %A LICI (p’'s > 0.2). Specifically, ICF
induced significantly less facilitation with monop, than
either with biappa (t14 = 9.29, p < 0.05) or monoap
(t14 = 6.85, p < 0.05). SICI induced significantly less
inhibition with  bigp.pa than with either monopa
(t14 = 5.79, p < 0.05) or monoap (t12 = 3.96, p < 0.05).
Because the residuals on transformed %A LICI values
remained non-normal (p < 0.05), a me-OLR was
conducted, as described above, which did not find a
significant effect of Waveform (p > 0.3). There were no
significant pairwise differences in other TMS measures
between the waveforms (p’s > 0.05). The effects of
Gender, Inter-Visit Interval, or Time Difference were not
significant in any of the me-ANOVAs on paired-pulse
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Fig. 2. Effects of waveform and current direction on TMS measures.
Mean and standard error are shown for RMT, MEP latency, and cSP.
Baseline MEP, LICI, SICI, and ICF values deviated from normality
and homoscedasticity, and, therefore, are depicted by their medians
and 25-75 percentiles in box plots. The upper whisker in each box
plot represents the 75 percentile plus 1.5 times the interquartile
range, whereas the lower whisker represents the 25 percentile minus
1.5 times the interquartile range. Values that fell outside that range
are marked by individual data points. Results from Tukey’s HSD
pairwise comparisons (p < 0.05) after mixed-effects ANOVAs
between waveforms and current directions for each TMS measure.
Baseline MEP amplitude, LICI, SICI, and ICF were transformed to
achieve normal distributions prior to analysis (see text for details). (A)
RMT was significantly different between all waveforms and current
directions. Monop, elicited significantly longer MEP latencies than in
both the biap.pa condition and the monoap condition and significantly
shorter cSP durations than biap_pa. (B) In paired-pulse protocols, the
monog, condition yielded significantly greater inhibition after LICI and
shorter facilitation than the other two waveforms. SICI after monopa
led to significantly smaller MEPs than biap_pa. Abbreviations: biap_pa,
biphasic anterior-to-posterior—posterior-to-anterior; c¢SP, cortical
silent period; ICF, intracortical facilitation; LICI, long-interval intracor-
tical inhibition; monoap, Monophasic anterior-to-posterior; monopa,
monophasic posterior-to-anterior; MSO, maximum stimulator output;
RMT, resting motor threshold; SICI, short-interval intracortical
inhibition.

TMS measures (p's > 0.10) or in the me-OLR on %A
LICI (p’'s > 0.46).

Efficacy of paired-pulse measures across waveforms
and visits

The me-OLRs found that SICI induced an overall
significant inhibition of MEPs (z = —5.83, p < 0.001)
across all waveforms and visits. Conducting the me-
OLR separately for each waveform found significant
inhibition with both monops (z = —4.81, p < 0.001) and
monoap (z = —3.52, p < 0.001), but not with bisp.pa
(z=-1.53, p > 0.12). Similarly, LICI induced an
overall significant inhibition of MEPs (z = —7.61,
p < 0.001), which was observed across both visits of
biappa (z = —4.81, p < 0.001), monosp (z = —3.86,
p < 0.001), and monops (z = —4.11, p < 0.001). ICF
induced a significant overall facilitation of MEPs
(z=5.39, p<0.001). ICF induced a significant
facilitation with both biap.pa (z = 3.69, p < 0.001) and
monoap (z = 4.10, p < 0.001), across both visits,
whereas there was no significant facilitation with
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Table 2. Results of mixed-effect ANOVAs

Tukey’s HSD pairwise comparisons

Shapiro—

Waveform x Visit

Visit

Waveform

Model

Wilk’s test for
normality of
residuals

A F(2,20) p s

p

F(1,20)

n

adjusted-R? F(2,20) p

p

F(25,20)

—0.60 0.727 biap.pa < MONOps < MONOAP

<0.01

0.980

0.02
0.20
0.14
0.02

<0.01
0.

0.981

0.48 0.01

0.001

9.28

0.93
0.86
0.41
0.66
0.76
0.70
0.65

<0.001
<0.001

0.035

26.06

RMT (% MSO)

0.395 monops < MONOAp, biap.pa

0.247 n.s.

0.27
0.68

0.818 0.02

0.19 0.10 0.751 <0.01
0.01

0.129
0.930
0.527

2.27

12.33
2.25
4.

*

Baseline MEP latency

0.869 0.01
0.979

0.802 <0.01
0.989

0.06

0.07
0.66

Baseline MEP amplitude

cSP

—1.40 0.919 monopa < biap.pa

1.

<0.01

<0.01

0.06 <0.01

0.03 0.16

<0.001
<0.001
<0.001
<0.001

46
76

1

87 0.031 n.s.

82

<0.01

0.972

03

0.696 0.01
0.781

0.724
0.215

0.33

6.

%A LICI
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0.207 biap.pa < MONOpA, MONOAP

0.627 0.05 0.

0.48
1.52

<0.01

0.14 0.08
0.51 0.23

1.66

5.2

*

%A SICI

—1.65 0.950 monopp < MONOAp, biap.pa

0.634 0.01 0.242 0.13

<0.001

10.23

4.29

%A ICF

Variables marked by " were transformed prior to analysis (see text for details). Abbreviations: biap.pa, biphasic anterior-to-posterior—posterior-to-anterior; cSP, cortical silent period; ICF, intracortical facilitation; LICI, long-interval

intracortical inhibition; MEP, motor-evoked potentials; monoap, monophasic anterior—posterior; monopa, monophasic posterior—anterior; MSO, maximal stimulator output; n.s., no significant differences; RMT, resting motor threshold;

, partial eta squared. The bold values represent comparisons with P values smaller than 0.05.

2
p

SICI, short-interval intracortical inhibition; %A, percentage change from baseline; n

monopa (p > 0.31). The effect of Visit was not significant
in any of the above analyses (p’s > 0.05). These results
indicate that monopa and biap.pa May not be optimal for
ICF and SICI, respectively.

Reliability of single- and paired-pulse TMS measures
across waveforms

ICCs for single- and paired-pulse measures with monopa,
monoap, and biappa are presented in Fig. 3. After
controlling for Gender, Inter-Visit Interval, or Time
Difference, the ICCs for RMT with biap.pa (0.73-0.91)
and for LICI with bipp.pa (0.65-0.76) varied to some
extent, but none of the other ICCs for single- or paired-
pulse measures for any of the waveforms changed
noticeably, i.e., they did not cross our pre-defined
boundaries for interpreting ICC values (see Methods).

Pairwise comparisons between the ICCs are detailed
in Table 3.

Baseline MEP amplitude was significantly more
reliable when obtained with either monops Or monoap
than with biap.pa (p’s < 0.022). LICI was significantly
more reliable with monoap than with either monopa or
biap.pa (p's < 0.031). ICF was significantly more reliable
with  biap.pa than either monops Or mMoNoOpp
(p’s < 0.041). Other ICCs were not significantly different
between the Waveforms (p's > 0.064).

Reliability of TMS measures in young and older
adults

Fig. 3 depicts the ICCs for TMS measures between the
present cohort and older adults from a prior study (Fried
etal., 2017). RMT and LICI with monopa pulses were both
significantly more reliable among older adults (p = 0.028
and p < 0.001, respectively). Other ICCs were not signif-
icantly different between the two cohorts (p's > 0.060).

Relationship between RMT and other TMS measures

The exploratory mixed-effects linear regressions
assessing the relationship between RMT and the
transformed values of other single- and paired-pulse
TMS measures across the two visits found a significant
negative association between RMT and baseline MEP
amplitude (z = —-2.07, p = 0.04). None of the
associations between RMT and other TMS measures
was significant (p’'s > 0.23).

DISCUSSION

In the present work, we investigated the influence of TMS
pulse waveform and induced current direction (monopp,
monoap, and biap.pa) On the efficacy and test-retest
reliability of common single- and paired-pulse TMS
measures in young healthy adults. To explore the
effects of age group on the test—retest reliability of TMS
measures, we also compared the reliability of monopa
and biap.pa TMS measures between our participants
and a cohort of older adults who participated in a
previous study (Fried et al., 2017). Pulse waveform/cur-
rent direction was observed to exert the greatest influence
on RMT, MEP latency, cSP, SICI, and ICF. RMT was the
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premotor cortex, thalamus, and
perhaps other regions. As such,
monoap currents typically result in
higher motor thresholds than
monopa currents. Biphasic pulses
elicit a more complex pattern of
D- and I-waves and the role of their
current direction (AP-PA versus
PA-AP) has not been well estab-
lished. One consequence of this
complex relationship is that
biphasic pulses at suprathreshold
intensites tend to be less
direction-dependent and can elicit
a combination of D- and I-waves

Reliability

-0.25

RMT Latency Amplitude cSP %A LICI %A SICI

A monopy, M monop, @ bipgppy A OA monop,

%A ICF

(Di Lazzaro et al., 2001a,b, 2003,
2011).

The present study is the first to
assess the effects of induced
current  direction and pulse

© OABipp.pa

Fig. 3. Reliability of TMS measures by waveform. Intra-class correlation coefficients (ICCs) for the  \vaveform on both the efficacy

different TMS protocols performed with different waveforms and current directions in the young (ages
18-35) and older adults (OA, ages 51-77). Abbreviations: biap.pa, biphasic anterior-to-posterior— .
posterior-to-anterior; cSP, cortical silent period; monoap, monophasic anterior-to-posterior; monopa, paired-pulse  TMS

and test-retest reliability of

measures,

monophasic posterior-to-anterior; RMT, resting motor threshold; %A LICI, long-interval intracortical ~ including SICI, LICI, and ICF.
inhibition percentage of change from baseline; %A SICI, short-interval intracortical inhibition Epidural recordings of paired-

percentage of change from baseline; %A ICF, intracortical facilitation percentage of change from

baseline.

highest with monoap, followed by monops and biap.pa
pulses. Monops pulses resulted in the shortest MEP
latency and the greatest SICI followed by monoap, but
the smallest ICF. There were also significant effects of
waveform/current direction on test-retest reliability of
baseline MEP amplitude, LICI, and ICF. Monopa pulses
resulted in a more reliable baseline MEP amplitude, but
less reliable ICF, than biap.pa pulses. In contrast, LICI
was more reliable with monoap than with monopp pulses.
RMT and LICI were significantly more reliable with
monopp pulses in the older adults than in the young who
participated in the present study.

The present results can be interpreted using a
framework put forth by Di Lazzaro and Rothwell (2014)
following a series of experiments performed on patients
with epidural electrodes implanted at the cervical spinal
cord (Di Lazzaro et al., 2001a,b, 2003, 2011). The authors
proposed that different waveforms and current directions
interact with stimulation intensity to evoke distinct pat-
terns of D- and |-waves by selective recruitment of partic-
ular neural components of cortical layers. For example,
monopp pulses at threshold intensities elicit an early
l-wave (the I1-wave), which is thought to reflect indirect
monosynaptic activation of PTNs through excitatory
interneurons in layers ll-lll. As the intensity of monopa
pulses increases, descending volleys begin to include
later l-waves, which are thought to reflect polysynaptic
chains of interneurons in the same layers Il-lll, acting
on PTNs. In contrast, monoap pulses tend to evoke late
l-waves that are more dispersed and have longer
latencies. These late |-waves are thought to reflect the
activation of horizontal cortico-cortical connections in lay-
ers |-l that originate from surrounding regions, including

pulse TMS protocols have only
been conducted with monopa
pulses. It is thus unknown how
other waveforms would influence
the effects of paired-pulse protocols on descending
volleys. With monopa pulses, both SICI and LICI
suppress the 12 and later waves, but not the D- or I1-
waves (Nakamura et al., 1996; Di Lazzaro et al., 1998,
2002; Ni et al., 2011). In contrast, ICF does not signifi-
cantly change the amplitude or number of cortico-spinal
waves (Di Lazzaro et al., 2006; Ni et al., 2011), indicating
that the ICF-induced facilitation might reflect the recruit-
ment of neural circuits unrelated to those involved in the
generation of I-waves elicited by monopa. Such recruit-
ment can result in more dispersed activity that is not
reflected in epidural recordings (Di Lazzaro and
Rothwell, 2014). Even though it is likely that the origin of
ICF is cortical (Cash et al., 2017), a complementary the-
ory for the neural source of ICF has been evaluated
recently (Wiegel et al., 2018), suggesting that the sub-
threshold conditioning pulse of ICF is able to trigger sub-
cortical and spinal processes that may contribute to the
facilitation of MEPs.

Effects of pulse waveform on TMS measures

There were significant differences in RMT, MEP latency,
cSP, SICIl, and ICF between the three conditions.
Monoap yielded the highest RMT, followed by monopa
and biap.pa. These findings are consistent with previous
studies that compared monopa and biphasic pulses
(Niehaus et al., 2000; Kammer et al., 2001; Sommer
et al., 2006; Delvendahl et al., 2014a; Stephani et al.,
2016) as well as monops and monoap pulses (Sakai
et al., 1997; Orth and Rothwell, 2004; Delvendahl et al.,
2014a). Together, these results support a model of
current—cortex interactions whereby the cortico-spinal



Table 3. Test-retest reliability of neurophysiological measures. =
~
visit A visit B Ag.a |Ag.al Intraclass correlation p-values for ICC comparisons
Mean + SD mean + SD mean + SD mean + SD r P biap-pa- biap-pa- monoap-
monoap monOpa monopp
RMT (% MSO)
biap-pa 59.71 £ 9.11 59.14 + 8.78 —0.57 £ 4.20 3.14 + 2.54 0.90 0.001 0.983 0.065 0.999
monoap 75.00 + 7.05 75.00 + 8.06 0.00 + 1.41 0.86 + 1.07 0.99 <0.001
monopa 66.22 + 4.52 67.00 + 4.03 0.78 + 3.53 2.78 £ 2.11 0.68 0.016
Baseline MEP
latency (ms)
biap-pa 2542 + 1.31 24.85 + 1.57 —0.58 + 0.41 0.58 + 0.41 0.89 0.018 0.384 0.385 0.133
monoap 24.39 + 1.79 24.83 + 1.93 0.45 + 1.12 0.97 + 0.62 0.82 0.004
monopa 23.49 £ 1.70 23.30 + 2.04 —0.19 + 0.81 0.57 + 0.57 0.91 <0.001 o
Baseline MEP g
amplitude E_J-
(mv) i
biap.pa 0.98 + 0.60 1.02 + 0.41 0.03 + 0.77 0.56 + 0.47 -0.16 0.621 0.021 0.009 0.313 o}
monoap 1.16 £+ 0.44 1.19 £ 0.71 0.03 + 0.49 0.36 + 0.29 0.69 0.039 g
monop, 1.39 + 0.97 0.97 + 0.40 —0.42 + 0.65 0.61 + 0.44 0.56 0.030 ol
L
c¢SP (ms) —
biap-pa 140.52 + 27.80 137.25 + 26.50 —3.27 £ 21.58 16.39 + 12.84 0.71 0.028 0.557 0.475 0.408 %
monoap 129.18 + 22.15 131.34 + 37.80 2.16 + 26.08 17.24 + 18.41 0.68 0.041 g
monopa 122.02 + 33.80 123.60 + 30.08 1.58 + 24.83 18.77 + 14.92 0.72 0.012 &
®
LICI (%4) §
biap.pa —77.93 + 35.73 —81.36 + 22.30 —3.43 + 24.88 14.27 + 19.87 0.68 0.038 0.030 0.776 0.007 w
monoap —71.35 + 55.32 —76.27 + 38.10 —4.90 + 18.84 9.12 + 16.91 0.93 <0.001 8
monopa —94.87 + 5.62 —89.99 + 15.37 4.88 + 11.27 6.00 + 10.64 0.51 0.051 ~
=}
SICI (%4) >
biap-pa 1.82 + 85.48 —35.04 £ 75.13 —36.86 + 80.46 61.68 + 60.18 0.48 0.088 0.530 0.290 0.633 9
monoap —52.35 + 38.12 —26.79 + 120.19 25.56 + 89.40 41.38 + 82.21 0.51 0.095 N
monop, —73.59 + 18.14 —65.43 + 29.14 8.16 + 21.05 19.72 + 8.96 0.62 0.021 3
ICF (%4)
biap.pa 243.39 + 177.43 215.64 + 318.95 —27.74 + 184.07 127.61 + 125.63 0.77 0.015 0.040 0.014 0.256
monoap 101.33 + 50.44 191.21 + 206.85 89.88 + 186.39 126.47 + 159.71 0.22 0.276
monop, 0.53 + 35.45 60.70 + 85.64 60.17 + 94.08 87.51 + 65.65 —-0.02 0.535

Abbreviations: biAP-PA, biphasic anterior-to-posterior—posterior-to-anterior; cSP, contralateral cortical silent period; ICC, intraclass correlation coefficient; ICF, intracortical facilitation; LICI, long-interval intracortical inhibition; MEP, motor-
evoked potentials; monoAP, monophasic anterior—posterior; monoPA, monophasic posterior—anterior; MSO, maximal stimulator output; RMT, resting motor threshold; SICI, short-interval intracortical inhibition; % A, percent of change

from baseline. Significant values are shown in bold type.
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pathway is most efficiently stimulated with biap.pa wWave-
forms followed by monopa and monoap currents induced
orthogonally to the central sulcus.

Our results are in agreement with prior studies that
found the MEP latencies to be shorter with monop, than
with monoap (Mills et al., 1992; Takahashi et al., 2005;
Sommer et al., 2006; Ni et al., 2011; Delvendahl et al.,
2014a,b; D’Ostilio et al., 2016). Moreover, this difference
(of ~1.2ms) is in line with the results from Di Lazzaro
et al. (2001a, 2003, 2011) and probably reflects the later
and more dispersed |-waves elicited by monoap.

In contrast, inconsistent results have been reported
when comparing the latency of MEPs obtained with
monophasic and biphasic pulses (Niehaus et al., 2000;
Sommer et al., 2006; Delvendahl et al., 2014a). While
we expected biphasic pulses to elicit MEPs with shorter
latencies, our results showed that biap.po MEP latencies
were longer than monopa, and comparable to monoap
latencies. This difference in results could be due to: First,
the intensity of the biphasic pulse was not sufficient to
reach layer V of motor cortex and/or to depolarize the
PTNs, eliciting a complex group of |-waves with longer
latencies (Di Lazzaro et al., 2001a). Second, at threshold
levels, the PA phase as second component of the biap.pa
pulse has a greater importance, whereas the AP phase
gains more relevance as the stimulation intensity is
increased to suprathreshold levels. Considering that
MEP latency was 1.7 ms longer with biap.pa than with
monopa pulses, it is possible that in our study, the AP
component played a more relevant role in the activation
of motor cortex. Therefore, the PA and AP components
could have antagonized each other in activating the inhi-
bitory and excitatory interneuron networks, thus resulting
in longer latencies. The similarity of biap.pa @and monoap
MEP latencies supports this hypothesis, though further
investigation is warranted, e.g., by comparing the laten-
cies of MEPs elicited with the different waveforms and
current directions in an input—output curve. When control-
ling for potential confounding factors, we found that gen-
der significantly influenced MEP latencies. This
relationship has been described in previous studies and
is considered to be due to a difference in limbs length
between genders (Livingston et al., 2010).

Contradictory results have also been reported
regarding the effects of waveform on MEP amplitude
(Mills et al.,, 1992; Takahashi et al., 2005; Sommer
et al., 2006; Ni et al., 2011; Delvendahl et al., 2014a,
2014b; D’'Ostilio et al., 2016). An additional source of vari-
ability is the difference in methodology in previous stud-
ies: some studies used a fixed portion of MSO to elicit
MEPs (Mills et al., 1992; Niehaus et al., 2000; Sommer
et al., 2006), whereas other studies used a specific per-
centage of RMT (Delvendahl et al., 2014a,b). Our results
are consistent with the results of previous studies
that used similar TMS parameters (Delvendahl et al.,
2014a,b).

With the FDI slightly contracted, biap_pa Yielded longer
c¢SP than monopa, with monoap in between. These results
are generally consistent with the findings of previous cSP
studies (Orth and Rothwell, 2004; Sommer et al., 2006).
Moreover, the similarity in cSP duration between monopa

and monopp pulses in our results is consistent with those
reported by Sommer et al. (2006), but contrasts with
those reported by Orth and Rothwell (2004), who found
shorter cSP with monop, than with either monoap or
bipa-ap pulses. These different results can be due to sev-
eral factors: First, Orth and Rothwell used a Magstim 200
stimulator for monophasic pulses and a Magstim Super
Rapid stimulator for biphasic pulses (Magstim Co., Whit-
land, Dyfed, UK), whereas both the present study and
Sommer and colleagues used a MagPro X100 stimulator
for all conditions. It has been shown that the maximal
stimulation intensities vary across stimulators depending
on the waveform (Kammer et al., 2001), which may influ-
ence the cSP duration. Second, Orth and Rothwell used
150% of active motor threshold as the stimulation inten-
sity, whereas the present study and Sommer and col-
leagues set the stimulation intensity based on RMT.
There are different methods to determine the stimulation
intensity in the cSP protocol. The two most common
methods, i.e., intensity determined as a percentage of
either active motor threshold (AMT) or RMT, were dis-
cussed above. Other options could be to relate the cSP
intensity to the threshold of the cSP itself or to the inten-
sity at which an average of 1-mV MEP amplitude is
obtained. It should be noted, however, that depending
on the method chosen, the effects of TMS pulse parame-
ters on cSP may differ to some extent. We decided to
determine the intensity based on the RMT because it
can be rather difficult and time-consuming to determine
whether a cSP has occurred online with the software we
used. Our cSP results are in agreement with those of
Sommer et al.’s study, in which the pulse parameters
were mostly similar to ours. In contrast, our results differ
to some extent (cSP was not significantly different
between monoap and monop,) from those studies in
which the cSP was obtained with a different stimulator
and with different stimulation parameters.

In sum, RMT was lowest with biap_pa and highest with
monoap, latencies were shorter with monopa, Whereas
MEP amplitudes were comparable in the three
conditions. These findings indicate that different pulse
waveforms may recruit different subgroups of
interneurons at different intensities (Di Lazzaro and
Rothwell, 2014). For example, biap.pa pulses seem to
be more efficient at threshold levels but elicit non-
significantly smaller MEPs at higher intensities.

Paired-pulse protocols have been conventionally
performed with monops pulses, probably due to
historical reasons and technical availability when they
were first described. Our results show that monophasic
pulses resulted in stronger short intracortical inhibition
(SICI), but weaker facilitation (ICF), when measured
with monopa. Interestingly, significant facilitation was
only achieved in the two conditions that included an AP
component (i.e., monoap and biap_pa)-

Although the physiological mechanisms responsible
for the results of measures of intracortical balance of
inhibition and facilitation (i.e., cSP and paired pulse
TMS) cannot be directly inferred from the present study,
some hypotheses can be formulated. The results
suggest that monops waveforms may be more efficient
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in targeting short-interval inhibitory cortical mechanisms.
Based on invasive epidural recordings showing a
reduction in 12- and late I|-wave amplitudes SICI
performed with monopa pulses (Nakamura et al., 1996;
Di Lazzaro et al., 1998, 2002; Ni et al., 2011), the present
results are consistent with the hypothesis that monopa
pulses activate interneuron networks in layers Il and Il
of the motor cortex that inhibit layer V PTNs. However,
no effect on the amplitude of D- or I-waves was observed
when performing ICF with monopa. In our study, perform-
ing ICF with monopp pulses induced a small facilitation
that was not significant. On the other hand, pulse wave-
forms with an AP component (monoap and bisp.pa) led
to significant facilitation. The influence of AP currents on
D- and I-waves during facilitatory protocols has only been
studied in a single subject (Di Lazzaro et al., 2006) show-
ing the influence of ICF on late |-waves (l4- and 15-
waves). Additional insights into the relationship between
AP currents and ICF may come from the results of cSP.
Even though cSP is an inhibitory protocol conducted with
a single suprathreshold pulse, it is dependent on volun-
tary muscle contraction, which may reflect the engage-
ment of additional cortical (i.e., premotor or
supplementary motor areas) and/or subcortical struc-
tures. Similar to the results with ICF, cSP seems to be
longer with pulses that include an AP component. If AP-
oriented currents target inputs to primary motor cortex
from surrounding cortices or other brain structures, the
present results support the hypothesis that these
cortico-cortical connections may underlie the processes
of both cSP and ICF. Repeating this approach with epidu-
ral recordings could help confirm this hypothesis.

Finally, we examined the associations between RMT
and the other TMS measures, and found the baseline
MEP amplitude to be the only TMS measure that was
related to RMT. The negative association between
these two measures has been observed in previous
studies (Fried et al., 2017). In regard to ¢cSP and various
methods that can be used to measure it, it is worth men-
tioning that there were no significant relationship between
RMT and cSP, suggesting that the use of RMT to set the
intensity of cSP pulses did not influence the results.

Effects of pulse waveform on the reliability of TMS
measures

Moderate to high reliability was observed in all measures
across waveforms with the exception of baseline MEP
amplitude with biphasic pulses and ICF with
monophasic pulses regardless of current direction.
Waveform significantly influenced the test-retest
reliability of baseline MEP amplitude, LICI, and ICF. The
biap.pa pulses resulted in less reliable baseline MEP
amplitude, but more reliable ICF, than monopa pulses.
In contrast, LICI was more reliable when obtained with
monoap than with monopy pulses.

The present results on RMT and MEP latency are in
line with previously reported. Literature on MEP
amplitude, however, includes a wide range of test-retest
reliability amplitude (Carroll et al., 2001; Kamen, 2004;
Kimiskidis et al., 2004; McDonnell et al., 2004; Christie
et al., 2007; Livingston and Ingersoll, 2008; Bastani and

Jaberzadeh, 2012; Fleming et al., 2012; Ngomo et al.,
2012; Liu and Au-Yeung, 2014; Sankarasubramanian
et al.,, 2015; Schambra et al., 2015; Hermsen et al.,
2016). The present results suggest that using monopha-
sic pulses may improve the reliability of the MEP
amplitude.

The reliability of ¢SP (Liu and Au-Yeung, 2014;
Hermsen et al., 2016) and paired-pulse TMS measures
(Fleming et al., 2012; Ngomo et al., 2012; Schambra
et al., 2015; Hermsen et al., 2016) has only been studied
under certain conditions and predominantly using monopa
waveforms. Particular attention should be paid to ICF
given that its reliability in the present work was excellent
when obtained with biphasic, but not with monophasic,
pulses.

Effects of aging on reliability of TMS measures

The ICCs of most TMS measures were reassuringly
similar between young and older adults (Fried et al.,
2017). Interestingly, however, the RMT and LICI with
monopp pulses were the two most reliable TMS measures
among older adults, and significantly less reliable in the
young cohort. The higher reliability of monops RMT in
older adults could reflect an increase in neurophysiologi-
cal systems’ ‘rigidity’ due to normal aging, which may
reduce the influence of state-dependent effects and other
factors that contribute to the intraindividual variability in
corticospinal excitability. The higher reliability of LICI
among older adults could be attributed to: (1) Unlike the
young adults, most older adults showed nearly complete
inhibition of MEPs with LICI, suggesting a floor effect that
would minimize inter-visit variability. (2) LICI can be per-
formed with a range of ISIs (from 50 to 200 ms), and
100 ms may be suboptimal for young adults relative to
older. (3) Age-related changes in synaptic transmission
and cortical adaptability to external stimuli may account
for differences between young and older adults in the effi-
cacy of intracortical inhibition, as indexed by LICI. Future
studies could investigate this further by obtaining stimu-
lus—response curves of LICI.

In conclusion, the results presented above show that
pulse waveform and current direction influence the
efficacy and reliability of single- and paired-pulse TMS
measures and, therefore, should be considered in
designing and assessing TMS protocols. Acknowledging
that the sample size in each group was relatively small,
the present study was able to detect significant
differences between the three groups and the results
were in line with, and expanded, previously reported
measures in the literature. Future studies with larger
cohorts are nevertheless needed to confirm the present
findings. In addition, the present study investigated the
effects and reliability of different pulse waveforms in
different groups. Future research should try to
incorporate a fully within-subject design. However, this
type of study would require six visits per subject, which
may reduce the feasibility of the experiment, and may
make it difficult to disentangle the reproducibility results
from the efficacy comparisons. Nevertheless, our results
show that these parameters are of special relevance to
measuring the RMT or baseline MEP amplitude, which
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are the most important and widely used TMS measures.
Pulse configurations that were not previously studied
with paired-pulse measures (monoap and biap.pa)
induced significant inhibition (SICI and LICI) or
facilitation (ICF) of MEPs. Monophasic pulses induced
greater and more reliable inhibition in SICI, whereas
biphasic pulses induced greater and more reliable
facilitation in ICF. Thus, biphasic pulses may be better
suited for exploring the effects of TMS when more than
one cortical area or brain structure in involved, as in the
case of cSP or ICF. These findings can help future
studies choose the parameters of the TMS pulse so as
to maximize the efficacy and reliability of single- and
paired-pulse TMS measures, thereby optimizing their
utility as potential neurophysiologic biomarkers in health
and disease.
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GLOSSARY

Cortical silent period (cSP): period of electrical silence in electromyogram that
follows the activation of the corticospinal tract after a cortical stimulus during
tonic contraction of the target muscle.

D-wave: evoked potential recorded at cervical spinal level, evoked by a stimulus
over motor cortex (e.g., a transcranial magnetic stimulation pulse), that rep-
resents direct activation of the pyramidal tract neuron.

I-waves: evoked potentials recorded at cervical spinal level, evoked by a stimulus
over the motor cortex (e.g., a transcranial magnetic stimulation pulse), which
represent probable activation of cortical interneurons leading to the indirect
activation of the pyramidal tract neuron.

Intracortical facilitation (ICF): enhancement of the motor-evoked potential fol-
lowing a pair of transcranial magnetic stimulation pulses over the motor
cortex when the first stimulus has a low intensity and the inter-stimulus
interval is between 8 and 30 ms.

Long-interval intracortical inhibition (LICI): suppression of the motor-evoked
potential following a pair of transcranial magnetic stimulation pulses over the
motor cortex when both stimuli have sufficient intensity and with an inter-
stimulus interval between 50 and 200 ms.

Pulse waveform: refers to the shape of the pulse. Most commonly available
waveforms are biphasic (the pulse is sinusoidal and has both positive and
negative phases) or monophasic (the pulse is not sinusoidal and has a
prominent positive or negative phase).

Pulse current direction: refers to the direction of the electrical current in relation to
the scalp. Most commonly used current directions are posterior-to-anterior
and anterior-to-posterior.

Resting motor threshold (RMT): the minimum intensity at which there is a motor
response after at least half of the stimuli.

Short-interval intracortical inhibition: the suppression of the motor-evoked
potential following a pair of transcranial magnetic stimulation pulses over the
motor cortex when the first stimulus has a low intensity and the inter-stimulus
interval is between 1 and 4 ms.
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