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Objective: Electric-field orientation is crucial for optimizing neuronal excitation in transcranial magnetic stim-
ulation (TMS). Yet, the stimulus orientation effects on short-interval intracortical inhibition (SICI) and intra-
cortical facilitation (ICF) are poorly understood due to technical challenges in manipulating the TMS-induced
stimulus orientation within milliseconds. We aimed to assess the orientation sensitivity of SICI and ICF para-
digms and identify optimal orientations for motor evoked potential (MEP) facilitation and suppression.

SICI Methods: We applied paired-pulse multi-channel TMS to 12 healthy subjects with conditioning and test stimuli in
ICF the same, opposite, and perpendicular orientations to each other at four interstimulus intervals (ISI) to generate
Inhibition refractoriness, SICI, and ICF.

Facilitation
Motor evoked potential

Results: MEP modulation was affected by the conditioning- and test-stimulus orientation, being strongest when
both pulses were in the same direction. MEP modulation with 2.5-ms and 6.0-ms ISIs were more sensitive to
orientation changes than 0.5- and 8.0-ms ISIs.

Conclusion: SICI and ICF orientation sensitivity exhibit a complex dependence on the conditioning stimulus
orientation, which might be explained by anatomical and morphological arrangements of inhibitory and excit-
atory neuronal populations.

Significance: Distinct mechanisms mediating SICI and ICF are sensitive to stimulus orientation at specific ISIs,
describing a structural-functional relationship that maximizes each effect at the cortical level.

1. Introduction

The inhibitory and excitatory neuronal circuits in the human
neocortex modulate cortical excitation, which is critical for brain func-
tion. These neuronal circuits can be probed non-invasively in the human
primary motor cortex through paired-pulse transcranial magnetic
stimulation (TMS) (Chen, 2004). In paired-pulse TMS, a conditioning
stimulus is followed by a test stimulus at a millisecond-range interval
(Kujirai et al., 1993). Previous research demonstrated that fine adjust-
ments of both stimuli parameters, such as interstimulus interval (ISI),
pulse shape, current direction, and intensity, enable selective assessment
of specific cortical circuitry (Cirillo et al., 2018; Fong et al., 2021;
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Hanajima et al., 1998; Hannah and Rothwell, 2017; Ili¢ et al., 2002;
Nieminen et al., 2019; Ziemann et al., 1996). The parameter configu-
ration in paired-pulse TMS ultimately defines the suppression or facili-
tation of motor evoked potential (MEP). Despite extensive research, to
our knowledge, there is no comprehensive assessment of how specific
combinations of conditioning and test stimulus orientations affect the
excitatory and inhibitory circuits in the human primary motor cortex.
Suppression and facilitation of MEP responses are presumed to have
separate neurophysiological origins for their distinct dependency on the
stimulus parameters (for a review, see Di Lazzaro and Rothwell (Di
Lazzaro and Rothwell, 2014)). The inhibitory effect seems to emerge
from two different mechanisms depending on whether the ISI is shorter
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or longer than 1 ms. An ISI of 1 ms or shorter might inhibit the gener-
ation of descending volleys mainly by neuronal refractoriness due to the
depolarization caused by a subthreshold conditioning stimulus (Fisher
et al., 2002; Hanajima et al., 1998; Roshan et al., 2003). In turn, with
ISIs between 1 and 5 ms, a short-interval intracortical inhibition (SICI)
effect is dominated by transsynaptic release of gamma-aminobutyric
acid A (GABA,) (Di Lazzaro et al., 2000, 2006a,b; Mooney et al.,
2017; Werhahn et al., 1999). With an ISI between 6 and 30 ms, motor
responses are strengthened because of the intracortical facilitation (ICF)
effect, presumably mediated by N-Methyl-D-aspartic acid (NMDA)
(Chen, 2004; Schwenkreis et al., 1999; Ziemann et al., 1998).

The neuronal morphology coupled with the TMS-induced electric-
field (E-field) orientation in the cortical tissue is a determinant factor for
neural excitation (Bashir et al., 2013; Souza et al., 2022; Weise et al.,
2023). Specific E-field orientations can selectively reach underlying
mechanisms and neuronal populations associated with SICI and ICF
phenomena (Fong et al., 2021; Hanajima et al., 1998; Tugin et al., 2021;
Ziemann et al., 1996). For instance, MEP facilitation has been shown to
vanish when the conditioning stimulus is rotated from being across to
being along the central sulcus in ICF protocols (ISIs of 6-20 ms),
whereas suppression of motor response is maintained in SICI protocols
(ISIs of 1-4 ms) (Ziemann et al., 1996). In SICI with ISI of 1-3 ms, the
level of MEP suppression depends on the direction of the conditioning
stimulus. When both conditioning and test stimuli have the same di-
rection for the TMS-induced current, the anterior—posterior direction
has been shown to induce stronger inhibition than the posterior-anterior
direction at rest (Cirillo et al., 2018; Cirillo and Byblow, 2016) and
active muscles (Hanajima et al., 1998). In turn, for a fixed test stimulus
in the posterior-anterior direction, an anterior—posterior conditioning
stimulus resulted in weaker inhibition than a posterior-anterior condi-
tioning stimulus (Fong et al., 2021) at rest but stronger inhibition with a
slight muscle contraction (Hanajima et al., 1998). Still, the optimal
combination of conditioning and test stimulus orientations that maxi-
mize refractoriness, SICI, and ICF remains unknown. Probing the
orientation-sensitivity profile of these phenomena provides indirect
evidence of the structural-functional relationship of neuronal circuits in
the primary motor cortex by highlighting the anisotropic nature of the
neuronal columnar organization and their directional sensitivities (Fox
et al., 2004; Weise et al., 2023) coupled to the temporal dynamics of
inhibitory and excitatory processes (Fisher et al., 2002; Hanajima et al.,
1998; Ziemann et al., 1996).

Changing the TMS pulse orientation within millisecond intervals
cannot be achieved by physical coil rotation, which has critically limited
the scope of parameter configurations. Previous studies have tested
mostly paired pulses in opposite directions (Cirillo and Byblow, 2016;
Hanajima et al., 1998; Higashihara et al., 2020; Pavey et al., 2023).
Others have superimposed two TMS coils to enable flexible adjustment
of the cortically induced current direction (Fong et al., 2021; Ziemann
et al., 1996), having limited control of the induced E-field spatial
pattern, e.g., focality and accurate positioning, on the cortical surface.
To solve these limitations, we recently developed the multi-channel TMS
(mTMS) technology (Koponen et al., 2018a; Nieminen et al., 2022). The
mTMS consists of an array of overlapping coils that enable precise
control of the stimulus orientation at the desired ISI to study the intra-
cortical mechanisms at the time scale of neuronal excitation (Nieminen
et al., 2019; Souza et al., 2022; Tugin et al., 2021). With mTMS, we
demonstrated that a conditioning stimulus delivered along the central
sulcus (posterior-medial direction) induces stronger inhibition than a
conditioning stimulus across the central sulcus (anterior-medial direc-
tion, i.e., posterior-anterior) (Tugin et al., 2021). Even with previous
efforts, a comprehensive and systematic assessment of the SICI and ICF
sensitivity to multiple test- and conditioning-stimulus orientations is still
missing.

The aims of this study were: i) to leverage the flexible parameter
control of mTMS to describe the orientation sensitivity of distinct
mechanisms engaged in modulating the motor response through
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refractoriness (0.5-ms ISI), SICI (2.5-ms ISI), and ICF (6.0- and 8.0-ms
ISI), and ii) to identify the optimal conditioning and test stimulus ori-
entations that maximize the suppression and facilitation of MEPs. Our
results support the future choice of stimulation parameters to selectively
probe the cortical inhibitory and excitatory networks, being key for
translating paired-pulse applications to data-driven automated cortical
mapping paradigms (Tervo et al., 2022, 2020; Weise et al., 2020) and
multi-channel TMS devices (Navarro de Lara et al., 2021; Nieminen
et al., 2022).

2. Material and Methods
2.1. Participants

Twelve healthy volunteers (age: 29 years (mean), 27-41 years
(range); 4 women, 8 right-handed (Oldfield, 1971)) participated in the
study with a fully crossed and within-subject experimental design. All
participants were free of neurological deficits and gave written informed
consent before participation. The study was performed in accordance
with the Declaration of Helsinki and approved by an Ethics Committee
of the Hospital District of Helsinki and Uusimaa. Power analysis showed
that with 11 participants, one can detect a mean difference in MEP
amplitude of 0.125 mV with usual statistical significance (@ = 0.05) and
power (f = 0.20). The sample size was calculated based on the frame-
work proposed by (Ammann et al., 2020) and considering a Student’s
paired t-test (within-subject design; r = 0.9) with 20 MEP trials and a
posteriori estimate from our recorded MEP amplitude standard deviation
across trials (6yjas = 0.28 mV) and between subjects (Gsubjects = 0.26
mV).

2.2. Experimental procedure

Data were recorded in the same experimental sessions reported for
another study (Souza et al., 2022), with shared subject preparation,
motor mapping, and resting motor threshold (rMT) determination.
Briefly, surface electromyography (EMG) electrodes were placed over
the right abductor pollicis brevis (APB), abductor digiti minimi, and first
dorsal interosseous muscles in a belly-tendon montage. EMG was
recorded with a Nexstim eXimia EMG device (500-Hz low-pass filtering,
3000-Hz sampling frequency; Nexstim Plc). Stimulation was delivered
with a 2-coil mTMS system capable of manipulating the induced E-field
orientation electronically within millisecond intervals without physi-
cally moving the coils (Souza et al., 2022; Tugin et al., 2021), illustrated
in Fig. 1A. The mTMS coil array was placed following the subject’s
cortical anatomy using a neuronavigation system (NBS 3.2, Nexstim Plc)
and an individual anatomical magnetic resonance image with voxel
dimensions less than or equal to 1 mm. The hotspot and optimal
orientation to elicit maximal MEP amplitudes on the APB muscle were
obtained with the E-field peak induced by the bottom coil being
approximately perpendicular to the central sulcus and with the induced
peak E-field being anteromedial (AM), shown in Fig. 1B, during the
rising phase of the trapezoidal monophasic pulse. The rMT was
measured for AM and PL stimulus orientations as the lowest stimulus
intensity capable of evoking at least 10 out of 20 MEPs with a minimum
peak-to-peak amplitude of 50 pV (Rossini et al., 2015).

We employed a paired-pulse mTMS paradigm with the conditioning
and test stimulus intensities at 80 and 110% rMT of the corresponding
AM and PL test stimulus orientation, respectively. The 80% rMT in-
tensity for the conditioning stimuli was selected to obtain MEP sup-
pression and facilitation as in previous studies (Fong et al., 2021; Ili¢
et al., 2002; Kujirai et al., 1993; Nieminen et al., 2019). The relatively
low test stimulus intensity was selected to obtain focal stimulation and
evoke responses from a restricted motor representation area (van de Ruit
and Grey, 2016; Tardelli et al., 2022) with narrow orientation sensitivity
(Souza et al., 2022). Converting rMT to active MT (Ma et al., 2023), our
110 % rMT corresponds, on average, to a 145% active MT, which has
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Fig. 1. Schematic representation of our experimental procedure. A) mTMS 2-coil wire paths with the bottom and top coils drawn in solid and dashed lines,
respectively. The arrows above the coil wires represent the peak E-field induced by the conditioning and test stimulus, which can be electronically rotated at
millisecond intervals. B) The peak induced E-field orientation relative to the central sulcus. The orientation labels indicate the current induced on the cortical surface
by the rising phase of a trapezoidal monophasic waveform (described by Souza et al. (2022)). Current flows approximately perpendicular to the central sulcus on the
anteromedial (AM) and posterolateral (PL) directions and along the central sulcus on posteromedial (PM) and anterolateral (AL) directions. C) The conditioning
stimulus was delivered on AM, PL, AL, or PM orientations with an intensity of 80% of the resting motor threshold (rMT) at AM or PL (depending on the test stimulus).
The test stimulus was delivered on AM or PL orientations at 110% of their corresponding rMT. Four interstimulus intervals (ISI) were employed to assess the
following neurophysiological mechanisms: refractoriness (Refract.; 0.5 ms), short-interval intracortical inhibition (SICL; 2.5 ms), and intracortical facilitation (ICF;

6.0 and 8.0 ms).

been shown to evoke complete I-wave patterns in descending volleys (Di
Lazzaro et al., 2001a), providing physiological mechanisms of SICI and
ICF in a similar manner as at higher test stimulus intensities (Chen et al.,
1998). We tested four ISIs (0.5, 2.5, 6, and 8 ms), four conditioning
stimulus orientations (AM, posteromedial (PM), posterolateral (PL), and
anterolateral (AL), and two test stimulus orientations (AM and PL). The
6-ms ISI is a transition towards ICF, while facilitation is stronger with an
8-ms ISI, which is also representative of longer ISIs (Ziemann et al.,
1996). Therefore, we used 6- and 8-ms ISIs to identify whether they
share similar TMS-induced orientation sensitivity, indicating similar
underlying neurophysiological mechanisms.

The orientation terminology refers to the direction of the peak-
induced E-field in the cortex (Fig. 1B). Twenty paired pulses were
administered for each of the 32 combinations of conditioning and test
stimulus orientations and ISI. An additional 20 single pulses (test stim-
ulus alone) were applied in the AM and PL orientation at an intensity of
110% of their corresponding rMTs to record reference MEPs. In total, we
recorded 680 trials per participant in a pseudo-randomized order with
an intertrial interval pseudo-randomized from a uniform distribution
between 4 to 6 s. Stimulation blocks lasted approximately 6 min and
were separated by 2- to 5-minute breaks. Fig. 1C depicts all tested
combinations of stimulus parameters.

The mTMS pulses had trapezoidal monophasic waveforms and were
delivered by custom-made electronics (Koponen et al., 2018a, 2018b).
The single-pulse stimulation intensity when determining the hotspot and
the rMT was adjusted by varying the capacitor voltage with the current
waveform phases lasting for 60.0 (rise), 30.0 (hold), and 43.2 ps (fall)
(see (Souza et al., 2022) for a discussion on the orientation selectivity of
trapezoidal and conventional monophasic TMS pulses). For the paired-
pulse stimulation, the desired intensities were obtained by manipu-
lating the duration of the rise, hold, and decay current waveform phases,
as described by Nieminen et al. (2019) (see also (Peterchev et al., 2013;
Shirota et al., 2016). The waveform durations were defined based on a
model of neuronal depolarization during the mTMS pulses, accounting
for the capacitor voltage drop due to the conditioning pulse and a
reference neuronal membrane time constant of 200 ps (Barker et al.,
1991; Koponen et al., 2018b). This approach allowed us to apply a pair
of pulses at millisecond-scale intervals while producing the desired
neuronal stimulation. The conditioning stimulus phase durations were
43.8, 30.0, and 32.5 ps, and the test stimulus phase durations were 75.1,
30.0, and 52.7 ps. mTMS current pulses and E-field waveforms are
shown in Fig. 2. The temperature of the mTMS coil array enclosure was
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monitored with a thermal infrared camera (FLIR i3, FLIR Systems, USA).
If the enclosure surface temperature reached 41 °C, it was cooled to
about 30 °C.

2.3. Data analysis

Preprocessing: MEPs were extracted from the EMG recordings.
Trials showing muscle pre-activation or movement artifacts greater than
+15 pV within 200 ms before the TMS pulse were removed from the
analysis. For each trial, we computed the MEP peak-to-peak amplitude
at 15-60 ms after the TMS pulse and manually annotated the MEP la-
tency. The latencies from trials with a peak-to-peak amplitude below 50
uV were rejected from the analysis due to low signal-to-noise ratio and
increased uncertainty in accurately defining the onset time. In total,
1.2% of the trials were rejected and 28.3% of the MEP latencies were not
annotated. As expected, the relatively high amount of rejected latencies
was due to the small MEPs in the SICI protocols (see Results below). For
the single-pulse MEPs in AM and PL orientations, 11.4% and 31.9% of
MEP latencies were not annotated. Even though the stimulation in-
tensity at PL orientation was set based on its motor threshold, there was
a higher number of trials with amplitudes below 50 uV, resulting in more
latencies not being annotated. Data were pre-processed using custom-
made scripts written in MATLAB R2021a (The MathWorks, Inc., USA).

Statistical analysis: The MEP amplitude and latency distributions
were inspected visually for each subject and experimental condition to
ensure a symmetric data distribution and similar variance across all
conditions. The data of one subject were excluded from further analysis
due to substantially small MEPs for all ISIs due to a high rMT, consis-
tently deviating from the effects observed in all other participants. The
MEP amplitudes were log-transformed to account for its skewed distri-
bution associated with a relatively low test stimulus intensity (Goetz
et al., 2014; Nielsen, 1996; Peterchev et al., 2013; Souza et al., 2024;
Souza et al., 2022) and to correct for heteroskedasticity, i.e., variance
inequalities across conditions. We analyzed and reported the raw MEP
amplitude instead of ratios relative to the unconditioned amplitudes to
account for the inherent variability of single-pulse MEPs (test stimulus
alone) when estimating the inhibition and facilitation level (Souza et al.,
2024; Tugin et al., 2021), which is otherwise disregarded and can bias
the interpretation of effect sizes (Atchley et al., 1976; Jasienski and
Bazzaz, 1999). The effect of the conditioning- and test-stimulus orien-
tation and ISI on MEP amplitude and latency were assessed with linear
mixed-effects models (Bates et al., 2015b; Yu et al., 2022). The model
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Fig. 2. mTMS current and e-field waveforms and spatial distributions. a) monophasic current waveform measured from bottom (green lines) and top (purple lines)
coils with the pulse timings adjusted to induce an equivalent e-field at 80% (light lines) and 110% (dark lines) of resting motor threshold in paired-pulse paradigms
without requiring changes to capacitor voltages. With the bottom coil, we delivered the conditioning (C-) and test (T-) stimuli in anteromedial (AM) and
posterolateral (PL) orientations. With the top coil, we delivered the conditioning and test stimuli in anterolateral (AL) and posteromedial (PM) orientations. Because
the top coil is further away from the cortex than the bottom, it requires a higher current to induce the same E-field intensity. The reference (REF-) waveforms (blue
and orange lines) were used for single-pulse stimulation for hotspot and motor threshold determination with intensity set by adjusting the capacitor voltages, as in
Ref. (Souza et al., 2022). B) Measured E-field waveforms with a 100-V/m average intensity during the rising part of the current corresponding to the current pulses in
(A). All waveforms were lowpass filtered at 1 MHz. C) E-field spatial distribution for pulses given at AM, PL, PM or AL orientations (reproduced from (Souza et al.,
2022)). E-fields were measured on a spherical surface with a 70-mm radius using our TMS characterizer (Nieminen et al., 2015). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Motor evoked potentials (MEP) of a representative subject from all tested conditions. The colored MEPs are single-trial recordings (non-averaged) from 20 to
50 ms after the TMS pulse at each combination of conditioning stimulus (CS) and test stimulus (TS) orientation and interstimulus interval (ISI). The gray solid traces
represent the single-pulse MEPs averaged across 20 trials for each TS orientation. The single-pulse MEPs are replicated on all columns and rows of a given TS
orientation for comparison with the corresponding paired-pulse MEPs. The arrow indicates the CS and TS orientation as in Fig. 1C. The TS was delivered in the
anteromedial (AM) and posterolateral (PL) orientations, and the CS was delivered in the AM, posteromedial (PM), PL, and anterolateral (AL) orientations.

Table 1

Type III Analysis of Variance Table with Satterthwaite’s method for the linear
mixed-effects model of the MEP amplitude. Fixed factors were the test stimulus
orientation (TS), conditioning stimulus orientation (CS), and interstimulus in-
terval (ISI). Interaction between factors is represented as “x”. The asterisk (*)
indicates statistical significance (p < 0.05).

Table 2

Type III Analysis of Variance Table with Satterthwaite’s method for the linear
mixed-effects model of MEP latency. Fixed factors were the test stimulus
orientation (TS), conditioning stimulus orientation (CS), and interstimulus in-
terval (ISI). Interaction between factors is represented as “x”. The asterisk (*)
indicates statistical significance (p < 0.05).

Effect Degrees of freedom (numerator, F- p-value Effect Degrees of freedom (numerator, F- p-value
denominator) value denominator) value

TS (1, 10.0) 29.9 < TS 1,11.3) 24.0 <
0.001* 0.001*

CS (3,10.0) 5.1 0.02* [ (3,10.6) 19.8 <

1s1 (3, 6846.3) 946.7 < 0.001*
0.001* 1SI (3, 3771.6) 55.8 <

TS x CS (3, 6846.3) 22.6 < 0.001*
0.001* TS x CS (3, 3703.5) 8.2 <

TS x ISI (3, 6846.2) 2.6 0.05 0.001*

CS x ISI (9, 6846.3) 42.9 < TS x ISI (3, 3650.2) 2.8 0.04*
0.001* CS x ISI (9, 3363.2) 14.4 <

TS x CS x (9, 6846.2) 8.4 < 0.001*

IS1 0.001* TS x CS x (9, 3766.1) 1.3 0.21
ISI

comprised each condition and all possible interactions as fixed effects
and a random structure with subject identifiers and correlated random
intercepts and slopes for conditioning and test stimuli orientations. The
random structure was selected based on sequential testing of
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hierarchical modeling with each model fit using likelihood-ratio tests
(Barr et al., 2013; Bates et al., 2015a). A separate linear mixed-effects
model was computed for quantifying facilitation and inhibition by
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Fig. 4. Effect of stimulus orientation on refractoriness, SICI, and ICF. (A) MEP amplitude and (B) latency as a function of the conditioning stimulus orientation and
interstimulus interval (ISI) for the test stimulus in the anteromedial (AM, left) and posterolateral (PL, right) orientations. The conditioning stimuli were delivered in
the AM, posteromedial (PM), PL, and anterolateral (AL) orientations. The circular symbols mark the MEP amplitude or latency estimated by the linear mixed-effects
model, and the vertical bars indicate the corresponding 95% confidence interval of the mean. The horizontal dashed gray line indicates the single-pulse MEP
amplitude (A) or latency (B) in the model. The green and purple arrows refer to the stimulus orientations described in Fig. 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

comparing all paired-pulse mTMS conditions with the corresponding
MEPs from the test pulse alone, i.e., a single pulse. In this model, the
fixed effects were the test stimulus orientation and all levels in paired-
pulse mTMS (conditioning stimulus orientation and ISI) grouped to
achieve a balanced design. The random structure of the paired- and
single-pulse model had only the subject identifiers to account for varying
MEP amplitude and latency intercepts. The selected models were
recomputed using restricted maximum likelihood estimation and p-
values for fixed-effects derived with Satterthwaite approximations in a
Type III Analysis of Variance table. Post-hoc multiple comparisons were
computed with estimated marginal means and p-values corrected for
false discovery rate (Benjamini and Yekutieli, 2001). The model diag-
nostic was performed with Q-Q plots of residuals to assess any critical
deviation from the normal distribution and standard versus fitted values
plots to inspect for heteroscedasticity. Statistical analysis was performed
using custom-made scripts written in R 4.3 (R Core Team, Vienna,
Austria) with the Ime4 1.1.35 and afex 1.3 packages for computing the
linear mixed-effects models, and emmeans 1.10 for computing the esti-
mated marginal means. The level of statistical significance was set to
0.05.

3. Results

The effects of test and conditioning stimulus orientation and ISI on
the MEP traces of a representative subject are illustrated in Fig. 3. A
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single pulse in the PL orientation induced an MEP amplitude that was
almost half of that observed with the test pulse in the AM orientation
(standard error = 0.53, degrees-of-freedom = 12.2, t-ratio = —5.5,p <
0.001), with similar latencies at about 23 ms (standard error = 0.1,
degrees-of-freedom = 9.8, t-ratio = 1.3, p = 0.3). The MEP amplitude
inhibition and facilitation were significantly affected by changes in the
test and conditioning stimulus orientation and ISI, as suggested by the
significant interaction term (TS x CS x ISI) in Table 1. The MEP latency
also varied depending on the pulse orientations, indicated by the sig-
nificant interactions terms TS x CS and CS x ISI in Table 2. Supple-
mentary Tables S1-8 show all multiple comparison statistics for MEP
amplitude and latency.

3.1. Effect of stimulus orientation on SICI

We observed different levels of MEP suppression depending on the
conditioning and test stimulus orientation at 0.5- and 2.5-ms ISIs
(Fig. 4A). For the 0.5-ms ISI, the strongest MEP inhibition (smallest
amplitudes) occurred when the conditioning and test stimuli were
applied in the AM orientation compared to the other orientations.
Conditioning stimuli in the PM and AL orientations, i.e., perpendicular
to the test stimulus, generated considerably less MEP suppression
(higher amplitudes) than conditioning pulses in the AM and PL orien-
tations. For instance, an AM conditioning stimulus orientation resulted
in MEP amplitudes with about 10% of the MEP amplitudes elicited by
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the test stimulus alone. In turn, conditioning stimuli in PL, AL, and PM
directions suppressed MEP amplitudes to about 15%, 49%, and 39% of
the average amplitude with the test stimulus alone (for all comparisons,
P < 0.001). The effect of conditioning stimulus orientation differed for
the 2.5-ms and 0.5-ms ISI. For the 2.5-ms ISI, a PL conditioning pulse
evoked the smallest MEP amplitudes (conditioning and test stimuli in
opposite directions) compared with the AM and PM orientations; con-
ditioning pulses in PL and AL orientations resulted in similar amplitudes.
These changes in MEP suppression were less prominent with the test
stimulus in the PL orientation. Interestingly, with a pair of pulses in
AM-AM orientation, the latencies at 2.5, 6.0, and 8.0-ms ISIs were
0.8-1.2 ms shorter than with the test pulse alone. Conditioning stimuli
in the PM or AL orientation yielded MEPs with similar latencies to
single-pulse MEPs regardless of the ISI and the test stimulus orientation.

3.2. Effect of stimulus orientation on ICF

MEP facilitation was observed only when the test and conditioning
stimuli were either in the same or opposite directions and vanished for
the conditioning stimulus (Fig. 4A), inducing an E-field perpendicular to
the test stimulus. With an 8.0-ms ISI, the conditioning and test stimuli in
AM and PL orientations facilitated the MEP amplitude, whereas with a
6.0-ms ISI, only the AM-oriented conditioning stimulus resulted in
facilitation. The shortest MEP latencies were obtained at 6.0- and 8.0-ms
ISIs with the conditioning and test stimuli in the same or opposite di-
rections. When the conditioning and test pulses were perpendicular to
each other, there was no significant difference in latency compared to
the latency of single-pulse MEP at any ISI (Fig. 4B).

4. Discussion

Our results provide evidence that cortical mechanisms involved in
the suppression and facilitation of MEPs exhibit a complex dependence
on the conditioning stimulus orientation, which might be explained by
distinct mechanisms mediating suppression and facilitation of neuronal
activity. We demonstrated that the level of MEP amplitude suppression
following the SICI protocols depended on the conditioning stimulus
orientation. Moreover, MEP potentiation occurred only when the con-
ditioning stimulus was delivered in the same or opposite direction as the
test stimulus.

We found that a subthreshold conditioning stimulus followed by a
suprathreshold test stimulus, either 0.5 or 2.5 ms later, caused a sup-
pression in MEP amplitude in all the tested conditioning stimulus ori-
entations. With a 2.5-ms ISI, the MEP inhibition was strongest when
both pulses were delivered in the same direction, in line with previous
findings using 2-3-ms ISI at rest (Cirillo and Byblow, 2016; Fong et al.,
2021) and only observed for posteriorly directed stimuli at slight muscle
contraction (Hanajima et al., 1998). We observed for the first time that
the MEP suppression generated with a 0.5-ms ISI was strongest when the
conditioning and test stimuli were given in the same or opposite di-
rections and slightly reduced when the conditioning stimulus was
delivered at PM and AL orientations.

Reduction in MEP amplitude at sub-millisecond ISIs may originate
from a combination of axonal refractoriness and activation of inhibitory
neuronal populations in superficial layers. The conditioning stimulus
may induce refractoriness in specific orientation-sensitive pyramidal
neuron segments, in line with (Fisher et al., 2002). In this case, the
subsequent test stimulus would be less effective in directly stimulating
those sites. The significant increase in MEP latency further supports this
locally reduced excitability state due to neuronal refractoriness
observed at 0.5-ms ISI only when the conditioning and test stimuli were
delivered in the same direction. Refractoriness has been suggested to
account for MEP suppression at 1-ms ISI but not at ISIs longer than 2-3
ms, showing a conditioning stimulus directionality sensitivity similar to
what we observed (Fong et al., 2021). In turn, evidence from epidural
recordings suggests that refractoriness might not play a crucial role at 1-
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ms ISI due to the preserved presence of I1-waves (Di Lazzaro et al.,
1998). In this case, the suppression of MEP amplitude and longer MEP
latency are better explained by the absence of 12- to I4-waves, which
hinders the temporal summation of descending volleys at the spinal
motor neuron required for generating a visible MEP. An experimental
verification that refractoriness is responsible for the MEP suppression at
0.5-ms ISI might require epidural recordings to detect possible
descending volleys even when there are no MEPs. If refractoriness does
not play a critical role, MEP suppression might be primarily mediated by
the excitation of GABAs-mediated inhibitory interneurons that project
horizontally within layers 2/3 with a distributed arborization (Esser
etal., 2005; Porter et al., 2000). Like the excitatory mechanisms, a set of
neuronal projections running from layers 2/3 to layer 5 would be opti-
mally activated by a conditioning stimulus in the AM or PL orientations
and explain the lower inhibition observed when the conditioning stim-
ulus was delivered in the AL or PM orientations with a 0.5-ms ISI
(Fig. 3A). This preferential excitation of specific groups of interneurons
effectively suppresses 13-waves, observed as a reduction in MEP ampli-
tude from the surface EMG (Hanajima et al., 1998). However, it is un-
likely that both mechanisms would co-exist because the refractoriness of
inhibitory interneurons would prevent the release of inhibitory
neurotransmitters.

MEP facilitation was mainly observed when the conditioning stim-
ulus was in the AM orientation for 6.0- and 8.0-ms ISIs and both AM and
PL test stimulus orientations. Such specificity possibly indicates that ICF
is mediated by connections across layers within a cortical column and
thus exhibits a higher sensitivity to changes in the induced E-field
orientation in the cortical tissue. Indeed, excitatory neurons exhibit a
preferential direction projecting from layers 2/3 to pyramidal neurons
in layer 5 (Esser et al., 2005; Kaneko et al., 2000) and thus might not be
excited by the conditioning pulses in the AL and PM orientations. The
subthreshold conditioning pulse possibly activated the low-threshold,
fast inhibitory interneurons that later (after about 5 ms) depressed
(Rusu et al., 2014), leaving the cortical circuitry in an excited state. This
mechanism may only occur at rest, considering that a slight muscle
contraction suppresses the generation of I-waves and disrupts the
facilitatory effect from posterior-oriented conditioning and test pulses
(Hanajima et al., 1998). The increased cortical excitability for the con-
ditioning AM and PL pulses might also explain the shorter MEP latencies
for 6.0 ms and 8.0 ms compared to the single-pulse stimulation. The
excitation of intralayer projections evidences a similar orientation-
dependency to that of the single-pulse MEPs, in which a stimulus in
the AM orientation induces significantly higher neuronal excitation than
in the PL orientation, as reported above.

The longer 8.0-ms ISI potentiated the MEPs even for conditioning
stimulus in the PL orientation. This observation differs from a previous
report with slight muscle contractions (Hanajima et al., 1998), in which
the contractions suppress I-waves and reduce the potentiation effect of
the conditioning stimulus. At rest and compared to the 6-ms ISI effect,
the additional delay might further reduce the existing GABA inhibition
(Rusu et al., 2014), and thus allow stronger neuronal activation even
with a stimulus in the suboptimal PL orientation. The origin of mecha-
nisms underlying MEP facilitation on ICF protocols is a composition of
cortical and subcortical mechanisms. The facilitation of spinal reflexes
by the conditioning pulse alone may suggest that ICF has a component at
a subcortical level (Wiegel et al., 2018). In turn, the modulation of TMS-
evoked electroencephalography responses evidences the primary
enrolment of cortical circuits (Cash et al., 2017) other than those pro-
ducing the high-frequency I-waves (Di Lazzaro et al., 2018), as the
facilitation of MEP amplitude is not accompanied by changes in the
amplitude and number of descending volleys (Di Lazzaro et al., 2006b;
Ni et al., 2011).

The induced E-field orientation and stimulus intensity are intrinsi-
cally linked; thus, the interplay between stimulus orientation and in-
tensity on SICI and ICF should be carefully considered. In this study, we
adjusted the stimulus intensity for all conditions relative to the
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corresponding test stimulus orientation (AM or PL orientation rMT). If
otherwise adjusted for each orientation, it would probably aid differ-
ently in distinguishing the underlying mechanisms, as the stimulus in-
tensity also determines the level of the SICI and ICF effects (Fong et al.,
2021; Kujirai et al., 1993; Tugin et al., 2021). In addition, we noticed
that there was only a marginal difference between MEP latencies with
single pulses in the AM and PL orientations (Fig. 4B) like in our previous
mTMS study (Souza et al., 2022) and with a half-sine (Sommer et al.,
2006) and near-rectangular pulse (Sommer et al., 2018). This contrasts
with the 2-3-ms difference observed with a classic monophasic pulse
(Sommer et al., 2006), which supports the notion of multiple descending
volleys elicited with the PL stimulus. As indicated in (Souza et al., 2022),
such difference seems to be associated with the relatively strong E-field
during the brief falling part of our current waveform affecting the
neuronal membrane depolarization (Bromm and Frankenhaeuser,
1968). The distinct neuronal effects from the trapezoidal monophasic
waveform should be carefully considered when comparing our SICI and
ICF to those with a traditional monophasic pulse with a longer-lasting
but weaker E-field during the current decay.

An important consideration is that most previous studies determined
the effect of stimulus orientation on SICI and ICF as ratios or percentages
relative to unconditioned MEP, e.g., with test stimulus alone (Fong et al.,
2021; Hanajima et al., 1998; Ziemann et al., 1996). Even though ratios
can be easier to interpret at first glance, they disregard the true nature of
the unconditioned MEPs with their corresponding uncertainty in sta-
tistical estimates (Atchley et al., 1976; Jasienski and Bazzaz, 1999;
Nielsen, 1996). This issue poses a risk of claiming that a specific com-
bination of conditioning and test stimulus orientations had a statistically
significant inhibition because it was lower than the single reference
value attributed to the unconditioned MEP, i.e., 1 or 100%, when in fact,
a statistical comparison between two distributions would not be signif-
icant. Therefore, our analysis using raw, non-normalized, repeated
measure analysis provides a statistically robust estimate of MEP changes
relative to the baseline measure to demonstrate the dependence of SICI
and ICF on the TMS-induced stimulus orientation with appropriate un-
certainty (Yu et al., 2022).

In the clinical context, changes in SICI and ICF have been identified
as potential markers for neurological diseases, such as chronic neuro-
pathic pain (Lefaucheur et al., 2006), amyotrophic lateral sclerosis
(Vucic et al., 2018) and Parkinson’s disease (Ni et al., 2013) (for a
comprehensive review, see (Vucic et al., 2023)). Therefore, adjusting the
stimulus orientation to maximize SICI and ICF might improve the
specificity in probing GABAA- and NMDA-mediated intracortical cir-
cuits, presumably enhancing the diagnostic precision. Furthermore, our
paired-pulse mTMS with flexible orientation control is more conve-
niently implemented as a clinical device than previous approaches of
stacking traditional TMS coils (Hanajima et al., 1998; Ziemann et al.,
1996).

Our findings should be carefully interpreted due to the following
limitations. First, our sample size of only 11 participants limited statis-
tical power to detect small differences in MEP amplitude between highly
suppressed MEP amplitude. The limited statistical power can result in
not detecting differences when they exist (type Il error). Second, we used
the relatively low test stimulus intensity of 110% rMT, which might have
caused a higher response variability than higher intensities (Brown
et al., 2017; Goetz et al., 2014; Spampinato et al., 2023). A higher test
stimulus intensity would then increase statistical power while compro-
mising spatial and orientation selectivity in cortical stimulation (Souza
et al., 2022; Tardelli et al., 2022). Third, our conditioning stimulus in-
tensity of 80% rMT corresponds, on average, to 105% active MT (Ma
et al., 2023). A stimulus near the active MT may evoke distinct corti-
cospinal activity depending on the stimulus orientation (Di Lazzaro
et al., 2001a; Di Lazzaro et al., 2001b), hindering our interpretations of
purely corticocortical excitation and inhibition. This probably explains
the decrease in MEP latency by, on average, 1 ms when the conditioning
stimulus was delivered in the AM and PL orientations (except at a 0.5-ms
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ISI) compared to the single-pulse MEPs (Figs. 3 and 4). Fourth, our
waveform durations differed between the conditioning and test stim-
ulus, possibly having distinct mechanisms of neuronal excitation that
also vary depending on the stimulus orientation (Sommer et al., 2018).

In conclusion, our results suggest a direct and strong relation be-
tween the orientation sensitivity of intracortical mechanisms and MEP
suppression and facilitation, demonstrating the optimal combination of
stimuli orientation that maximizes each effect. This orientation sensi-
tivity describes the structural and physiological principles of neuronal
refractoriness, SICI, and ICF at the cortical level.
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