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Abstract

Single-pulse transcranial magnetic stimulation (TMS) of the primary motor hand area can assess corticomotor function in humans
by evoking motor-evoked potentials (MEPs). Paired-pulse TMS at peri-threshold intensity elicits short-latency intracortical facilita-
tion (SICF) with early peaks at interpulse intervals of 1.0-1.8 ms (SICF) and 2.4-3 ms (SICF5). The similarity between the periodic-
ity of SICF and indirect (I-)waves in the corticospinal volleys evoked by single-pulse TMS suggests that SICF originates from
I-wave generating circuits. This study aimed to explore the mechanisms of MEP generation by mapping the corticomotor repre-
sentations of single-pulse and paired-pulse TMS targeting SICF; and SICF, peaks. We performed central sulcus shape-based,
robot-assisted and neuro-navigated motor maps in 14 participants (7 females). MEPs were recorded from two hand muscles and
the spatial properties of each corticomotor map were analyzed. For both hand muscles, we found a consistent posterior shift of
the center of gravity (CoG) for SICF maps compared with single-pulse maps, with a larger shift for SICF;. CoG displacement
in the SICF; map correlated with individual SICF, latencies. Furthermore, abductor digiti minimi (ADM) maps consistently peaked
more medially than first dorsal interosseus (FDI) maps and paired-pulse TMS resulted in larger corticomotor maps than single-
pulse TMS. This is the first study to show that circuits responsible for SICF have a more posterior representation in the precen-
tral crown than those generating MEPs via single-pulse TMS. These findings indicate that paired-pulse TMS probing SICF,,
SICF,, and single-pulse TMS engage overlapping but spatially distinct cortical circuits, adding further insights into the intricate
organization of the human motor hand area.

NEW & NOTEWORTHY Single- and paired-pulse transcranial magnetic stimulation (TMS) is widely used to study corticomotor
physiology in humans, but do they engage the same intracortical circuits? We compared the spatial properties of corticomotor
maps elicited by single-pulse TMS to those elicited by paired-pulse short-latency intracortical facilitation (SICF). SICF maps con-
sistently showed a posterior shift in center of gravity compared with single-pulse maps, suggesting that paired-pulse TMS
engages cortical circuits that are spatially distinct from single-pulse TMS.

l-waves; motor mapping; short-interval intracortical facilitation; somatotopy; transcranial magnetic stimulation

INTRODUCTION cortical elements are stimulated by TMS is still unknown, but
biophysical modeling of morphologically realistic cortical neu-

Transcranial magnetic stimulation (TMS) of the hand motor  rons suggests that myelinated axon terminals from pyramidal
representation in the precentral gyrus can cause a contraction cells and inhibitory interneurons in the crown of the gyri con-
of contralateral hand muscles, making TMS a powerful nonin-  stitute low-threshold targets for TMS (1-3). Interestingly, ana-
vasive tool to probe corticomotor physiology. Exactly which  tomical tracer studies in nonhuman primates show that the
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primary output region of monosynaptic pyramidal tract neu-
rons (PTNs) in the primary motor cortex lies in the evolution-
ary younger, posterior part of Broadmann’s area 4, which is
typically located in the sulcal wall or fold (4). In addition,
human epidural recordings show that TMS elicits both a direct
descending wave followed by a number of later indirect (I)-
waves (5) suggesting that populations of PTNs are activated
trans-synaptically and experience numerous discharges from
a single TMS pulse. The notion is supported by paired-pulse
TMS protocols where an additional TMS pulse (usually sub-
threshold) is used to condition the response to the single TMS
pulse alone, often resulting in marked changes in peak-to-
peak amplitude of the motor-evoked potential (MEP) (6, 7).
For example, two TMS pulses delivered in very close temporal
proximity i.e., interstimulus intervals (ISIs) of ~1-5 ms mark-
edly facilitate the MEP as compared with single-pulse TMS (8).
This phenomenon, coined short-latency intracortical facilita-
tion (SICF) (9), is cortically mediated (9, 10) and more pro-
nounced when ISIs mimic the periodicity of the I-waves
observable in epidural recordings, although also detectable at
SICF trough ISIs with higher stimulation intensity or more
pulses (11).

Because the periodicity of SICF matches that of epidurally
recorded I-waves, the general hypothesis is that SICF works
through facilitation of the I-wave generating circuits that are
also involved in generating single-pulse MEPs. However, the
exact cortical networks involved in generating single-pulse
MEPs and SICF and their similarities are still unknown.
Moreover, several findings suggest that the first and second
SICF peaks (SICF; and SICF,) may reflect activity in noni-
dentical cortical circuits that subserve distinct sensorimotor
functions (12-14). Although substantial effort has been made
to pinpoint the most likely site of cortical activation by sin-
gle-pulse TMS (3), the spatial location of the intraneuronal
networks underpinning SICF remains entirely unexplored.

The objective of this study was to map the spatial cortical
representation of single-pulse TMS and SICF to test whether
spatially distinct or identical cortical populations underpin
these phenomena. Our hypothesis was that paired-pulse
SICF engages different neural populations, compared with

A

Prior to experimental session

single pulse, evident as a systematic difference in the center
of gravity (CoG) of the corticomotor maps. In addition, we
hypothesized that there would be a spatiotemporal relation-
ship between the spatial displacement and the ISIs of the
first and the second SICF peak. To test these hypotheses, we
mapped the peri-central corticomotor representations of
intrinsic hand muscles with single-pulse TMS and two SICF
conditions with ISIs adjusted to the individual SICF; and
SICF, peak latency, respectively. We used central sulcus
shape-based mapping (15, 16) as it provides higher sensitivity
toward muscular somatotopy compared with standard grid-
based mapping (16, 17) and is sensitive toward between-sub-
ject variability in hotspot location (18).

MATERIALS AND METHODS
Experimental Design

Before the experimental TMS session, participants under-
went a structural T1-weighted magnetic resonance imaging
(MRI) scan, which was used to plan TMS targets for sulcus-
shaped mapping (16). In the experimental session, partici-
pants went through recordings of SICF curves to determine
individual latencies of SICF peaks. Following this, three dif-
ferent robot-assisted, neuro-navigated, sulcus-shaped TMS
motor maps were created using single- or paired-pulse TMS
targeting either the first or the second SICF peak (Fig. 1).

Participants

Seventeen healthy right-handed volunteers (mean age:
26.9 yr, 8 females) participated in the study. Handedness
was assessed by the Edinburgh handedness inventory (19).
All participants had no history of psychiatric disorders and
were screened for contraindications to TMS (20). Written
informed consent was obtained from all subjects and studies
were performed in accordance with the Helsinki declaration
on Human experimentation. The study was approved by
the Ethics Committees of the Capital Region of Denmark
(H-15000551). Two participants were excluded from the
study due to continuous background contractions on the

Experimental session
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Figure 1. Experimental design and protocol. A: flow chart of the experimental procedure. B: map planning in the neuronavigation software for the robot-
assisted transcranial magnetic stimulation (TMS) motor mapping. FDI, first dorsal interosseous; M1, primary motor cortex; MRI, magnetic resonance imag-
ing; Pm, premotor cortex; S1, single-pulse; SICF, short-latency intracortical facilitation.
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electromyography (EMG) recordings and one participant
was excluded due to a too high resting motor threshold
(RMT) [>91% maximal stimulator output (MSO)]. Thus, 14
subjects (7 females) were included in the statistical analyses.

Magnetic Resonance Imaging

Prior to the experimental session, a three-dimensional
(3-D) T1-weighted magnetization-prepared rapid gradient-
echo (MPRAGE) MRI scan was acquired on a 3-T Verio scan-
ner (Siemens, Erlangen, Germany) with the following param-
eters: repetition time (TR)/echo time (TE) = 2,300/2.98 ms,
T1=1,100 ms; 256 x 256 matrix, flip angle 9°, 1 mm? isotropic
voxel.

Surface Electromyography

Electrical muscle activity of the right first dorsal interosseus
(FDI) and abductor digiti minimi (ADM) muscles were
recorded with surface electrodes (Ambu Neuroline 700,
Ballerup, Denmark) using a bipolar belly-tendon montage. The
Analog EMG signal was filtered (band-pass, 5-2,000 Hz),
amplified (1,000x, D360, Digitimer, Letchworth Garden City,
UK), digitalized (sampling frequency 5,000 Hz, 1201 micro Mk-
II, Cambridge Electronic Design, Cambridge, UK), recorded
(Signal 4.0, Cambridge Electronic Design, Cambridge, UK),
and stored on a computer for later off-line analysis. During the
experiment, background EMG was monitored by the experi-
menter, and participants were instructed to relax whenever
background EMG was detected.

Transcranial Magnetic Stimulation

Single- and paired-pulse TMS was delivered using a MagPro
X100 with MagOption stimulator (Magventure, Skovlunde,
Denmark) connected to a cooled-MC-B35 figure-of-eight coil
with windings of 35 mm diameter (Magventure). For handheld
TMS procedures, the coil was held ~45° to the mid-sagittal
plane with the handle facing lateral and posterior. A biphasic
pulse configuration that induced an anterior-posterior fol-
lowed by posterior-anterior (AP-PA) current in the cortex was
selected to evoke MEPs at the lowest possible stimulation
intensity (21). Pulse-width was 300 ps and held constant for all
pulses. All TMS was performed using stereotactic neuronavia-
tion (Localite, Sankt Augustin, Germany) in which individual
structural MRI images were uploaded. The optimal coil posi-
tion (hotspot) to activate the right FDI was identified through a
mini-mapping procedure and defined as the site where TMS
elicited the largest and most consistent MEPs. RMT was deter-
mined to the nearest 1% of MSO using single-pulse TMS and
defined as the minimal stimulus intensity required to evoke a
response of 50 pV in at least 5 of 10 successive trials (22).
Following the determination of the hotspot and RMT, TMS
was performed by a neuronavigation TMS robot (Axilum
Robotics, Schiltigheim, France) for the remainder of the
experiment.

Short-interval intracortical facilitation curves.

For paired-pulse TMS to induce SICF, the intensity of the
first TMS stimulus (S1) was set to 110% RMT (determined for
FDI) and to 90% RMT for the second TMS stimulus (S2) (8).
An SICF curve was created before the mapping procedure to
determine individual SICF;- and SICF,-peak latencies. ISIs

J Neurophysiol « doi:10.1152/jn.00459.2024 - www.jn.org

ranging from 1.0 ms to 3 ms were tested in 0.2-ms steps. Ten
paired TMS pulses were delivered in pseudo-random order
over the FDI hotspot for each ISI together with S1 alone. The
average peak-to-peak MEP amplitude was calculated online
for each condition and plotted against the respective ISI. The
intervals that produced the largest average peak-to-peak
MEP amplitude for the FDI muscle, within the first (1-1.8 ms)
and second (2.4-3 ms) SICF range were determined as indi-
vidual SICF;- and SICF,-peak latencies.

Robot-assisted, neuro-navigated, sulcus-shaped TMS
motor mapping.

TMS mapping targets. TMS mapping was done in a 3 x
7 grid centered around the hand knob of the precentral gurus
(23) that was identified by a trained investigator. Seven tar-
gets were placed along the posterior part of the crown of the
precentral gyrus (i.e., the gyral “lip”) (see Fig. 1B). Each target
was placed conforming with individual shape of the central
sulcus to form a line (M1-line). The posterior convexity of the
“hand-knob” was used as a central reference point that corre-
sponded to target 4. Coil orientation was adjusted to produce
a current direction perpendicular to the central sulcus, which
has been shown to be superior for M1-mapping (16). Two addi-
tional lines were created to examine the potential antero-pos-
terior shift of somatotopy with SICF mapping. A premotor
line was positioned in accordance with the M1 line but with
an anterior shift such that the targets were placed on the pre-
central gyral crown. In addition, seven posterior targets were
placed in accordance with the M1-line but on the crown of the
postcentral gyrus.

TMS motor mapping procedure. Three motor maps
were conducted in the same experimental session. For each
map, 20 single (S1) or paired (SICF; and SICF, condition)
TMS pulses were applied to each of the 21 targets in a ran-
dom order, resulting in 420 stimulations per map and a total
of 1,260 stimulations. The order of the three conditions was
randomized and counter-balanced across subjects and TMS
pulses were delivered at a frequency of 0.25 Hz (25% jitter).
SICF and single-pulse TMS maps were generated separately
rather than intermixed to avoid the increased MEP ampli-
tudes from SICF to potentially influence single-pulse MEP
amplitudes (24).

Data Analyses

EMG.

EMG data were processed in Matlab (v.R2017b, The MathWorks
Inc., MA) and R-studio (R-core team, 2021). All EMG traces
were visually inspected and discarded if any background
muscle contraction was detected. On average 3.96% trials
were discarded per participant and there were no differen-
ces between conditions (linear mixed effect model P = 0.76)
or muscles (P = 0.64). Peak-to-peak amplitude of the MEP
was calculated from the remaining trials in the interval 15—
40 ms after the TMS pulse. The average MEP amplitude was
calculated for each individual and within each muscle for
either each ISI (SICF-curves) or for each stimulation posi-
tion and condition (motor maps). Any target with a mean
MEP amplitude <0.05 mV was interpreted as a nonres-
ponse site and the MEP value set to O to exclude the contri-
bution of background noise to the results.
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Coefficient of variation.

An intrinsic property of the corticospinal system is the inverse
relationship between MEP amplitude and relative trial-to-trial
variability between responses [i.e., coefficient of variation (CV)]
(25). Previous studies have shown that the variability of cortico-
spinal excitability can track the state of action preparation (26,
27). This prompted us to assess whether CV of the three condi-
tions would follow the same trajectory. We reasoned that con-
ditions with different CV-MEP amplitude relationships would
be more likely to originate from distinct networks. Inspired by
previous studies (26, 27), we modeled the relationship between
CV and mean log-transformed MEP amplitude for each map
target with a mean MEP amplitude >0.05 mV in the S1 condi-
tion in a linear mixed effect model: CV ~ log(MEP,mpiitude) +
(1+ muscle | subject). We used the coefficients from this model
to predict the CV for all three conditions and calculated the
residuals between the predicted and observed CV. The result-
ant CV residuals were used in further analyses.

MEP Iatencies.

Previous studies have shown that the anterior-posterior posi-
tion of the MEP hotspot is associated with changes in MEP
latency (18). Thus, differences in MEP latency between con-
ditions could suggest the influence of different corticospinal
networks. MEP latencies were estimated by visual inspection
of mean traces from the S1 and individual SICF; and SICF,
peaks from the SICF curves.

TMS motor maps.

Facilitatory effects of SICF mapping. The corticomotor
representation of SICF was assessed as the area and volume of
the generated maps. The area of the motor maps was com-
puted as the number of TMS targets eliciting an average MEP
response of above 50 pV. In addition, map volume was calcu-
lated as the sum of the mean MEP amplitude from each target
position within each motor map. Map volume was calculated
both from raw MEP amplitudes and normalized to the largest
mean MEP of each map (i.e., “peak-normalized” volumes).

Center of gravity. TMS target positions were extracted
from the neuronavigation software as 3-D coordinates and
converted into MNI space using SPM affine matrix conforma-
tion. As the hand-knob is not aligned to any one axes in 3-D
Cartesian space and because the grid of TMS targets closely
resembled a plane, we reduced the dimensionality of the
maps, by performing a principal component analysis on cen-
tered target-coordinates of each individual map. The resulting
first two principal components were used to construct two-
dimensional (2-D) maps where the first principal component
(PC1) primarily represented the medio-lateral but also the
dorso-ventral axis (referred to as the medio-lateral axis)
and the second principal component (PC2) primarily repre-
sented the anterior-posterior axis. From the 2-D maps, we cal-
culated the amplitude-weighted mean position (i.e., the CoG)
for both principal components, using the following formula:

Zflz  Target(k) x Mean MEP amplitude target(k)

CoG = o
> . Mean MEP amplitude target(k)

)

where target(k) refers to the PC1 or PC2 coordinate for each
of the 21 TMS target positions and mean MEP amplitude
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target(k) refers to the mean peak-to-peak MEP amplitude at
each target. The CoG was computed for each condition
(S1, SICF4, and SICF,) and for each muscle (FDI or ADM) sep-
arately. Along with CoG coordinates we also calculated the
Euclidian distance between FDI and ADM CoGs for all three
conditions, and within the FDI and ADM muscle between S1
and SICF; and SICF..

Statistical Analysis

Statistical analyses were carried out in R (R core team,
2021). For all analyses, linear mixed effect models were fitted
using the Ime4 and Imertest packages (28, 29), and multiple
comparisons and adjusted P values were computed using the
multcomp package (30). Post hoc pairwise comparisons were
corrected for multiple comparisons using the “single-step”
method (30) unless stated otherwise and statistical signifi-
cance was assumed if P < 0.05. Homoskedasticity and normal-
ity was assured by visual inspection of residual- and quantile-
quantile plots, respectively. Log-transformation was applied to
the dependent variable if any obvious deviations from these
assumptions were detected. For SICF curves, the following
model was tested: 10g(MEPampiitude) ~ muscle x ISI + (1 +
muscle | subject). P values were obtained from analysis of
variance tables for the fixed effects on the full model using
Satterhwaite’s degrees of freedom method. In addition, we
tested the models: CoGpc; ~ muscle x condition + (1 +
muscle | subject) and CoGpc, ~ muscle x condition + (1 +
muscle | subject) to test for differences in CoG and
log(Mapyojume) ~ muscle x condition + (1 + muscle | sub-
ject), Mapyolume normalized ~ Muscle x condition + (1 +
muscle | subject) and Map,e, ~ muscle x condition + (1 +
muscle | subject) to test for differences in map area and vol-
umes. Differences in Euclidean distance between- or within
muscle were assessed with: Euclideany;imin ~ condition +
(1] subject) and Euclideanpetween ~ condition + (1 | subject).
Differences in the relationship between CV and MEP ampli-
tude was assessed with a linear mixed model: CV esiduals ~
condition + (1 + muscle | subject) and differences in MEP
latency with: MEP)aency ~ 10g(MEPampiitude) + condition +
(1 + muscle | subject).

Sensitivity analyses.

To ensure that our results were not biased by the reduction
of TMS targets into a plane, we performed the same analy-
sis in 3-D Cartesian space on all three directions (i.e.,
COGanterior—posteriorr COGmedial—laterals and COGventral—dorsal as
outcome variables) and also on a simple 3 x 7 grid of
equally spaced targets which did not consider the actual
placement of TMS targets in relation to each other (i.e.,
CoGjine and CoGeoumn as outcome variables).

Since MEP amplitudes often increase exponentially, this
could potentially affect the interpretation of the normalized
map volume analysis. Therefore, we also conducted the anal-
ysis using log(x + 1) transformed MEP amplitudes prior to
normalization.

Data Availability

Pseudonymized data can only be shared with a formal Data
Processing Agreement and a formal approval by the Danish Data
Protection Agency in line with the requirements of the GDPR.
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RESULTS

Tabularized output from the statistical models is pre-
sented in Supplemental Tables S1.1-1.17.

SICF Curves

Biphasic paired-pulse TMS produced distinct SICF peaks
around the two expected ISI intervals in all participants.
Analysis of log-transformed MEP amplitudes from the SICF
curves for the entire cohort showed no interaction between
muscle and ISI (Fy; =0.36, P = 0.97). There was, however, a
main effect of muscle, with overall larger log-transformed
MEP amplitudes in the FDI muscle (F; = 6.06, P = 0.027).
There was also an ISI-dependent facilitation in log-trans-
formed MEP amplitude (F;; = 61.4, P < 0.001). In accordance
with previous work using monophasic or biphasic stimuli
(11, 31), the post hoc pairwise comparisons showed that
paired-pulse TMS at ISIs ranging from 1.0 to 1.8 ms and from
2.4 to 3.0 ms increased mean log-transformed MEP ampli-
tude compared with MEPs evoked by a single TMS pulse (all
P < 0.001) (Fig. 2A). The mode of SICF, peak latency was 1.4
ms (10 subjects) and 2.8 ms for SICF, latency (eight subjects)
(Fig. 2B). Median relative facilitation for the SICF; peak was
379% (range: 174%-827%) for ADM and 367% (range: 149%-—
1008%) for FDI. Median SICF,-peak MEP amplitudes were
457% (range: 235%-983%) relative to S1 for ADM and 418%
(range: 176%-700%) for FDI (Fig. 2C). There were no signifi-
cant differences in relative peak facilitation between SICF
peaks or muscles (P > 0.05). Summary statistics of MEP
amplitudes from individual SICF; and SICF, peak latencies
and the S1-pulse alone are shown in Supplemental Table S2.

SICF Mapping of Corticomotor Representations of
Intrinsic Hand Muscles

SICF mapping caused an anterior-to-posterior shift of the
CoG for both muscles compared with the CoG revealed by
single-pulse mapping without changing the medio-lateral
distance between the CoGs of the FDI and ADM muscles
(Fig. 3A and Fig. 5). Consequently, there were no significant

A

SICF curves

ADM muscle FDI muscle

MEP amplitude (mV)

ENOR GG R A

ISI (ms)

. SICF,

ENOR GG R A

interactions between condition and muscle in any of the
models (P > 0.39). The magnitude of the anterior-to-poste-
rior shift of the CoGs was positively associated with the peak
latency in the SICF; condition (Fig. 3C). The longer the SICF,;
peak latency, the larger was the anterior-to-posterior shift of
the CoGs (P = 0.008). This was not the case for the SICF,
condition.

Effects of condition on CoG location.

The linear mixed model of PC2 (i.e., anterior-posterior axis)
CoGs showed a strong effect of condition (F, = 18.29, P <
0.001). Post hoc analysis showed that CoGs of both, the FDI
and ADM muscles, were located more posterior during SICF,
mapping compared with S1 (B estimate + /— standard error;
0.62 +/— 0.21, P = 0.01). Importantly, SICF; CoGs were even
more posterior compared with both, the CoGs during single-
pulse (1.28 + /— 0.21, P < 0.001) and SICF, mapping (0.66 + /—
0.21, P = 0.005). Along the PCl-axis, there was no effect of
stimulation condition on CoG location (F, = 0.77, P = 0.47)
(Fig. 3, A and B). There were no differences in Euclidian dis-
tance between muscles or among the three stimulation condi-
tions (F, = 112, P= 0.34).

Effects of muscle on CoG location.

Along the PCl-axis, all three mapping conditions showed
medial to lateral separation of CoGs for the ADM and FDI
muscles (F; = 30.65, P < 0.001) with the FDI muscle posi-
tioned more laterally than the ADM in agreement with previ-
ous TMS and functional MRI mapping studies (15, 16, 32).
The CoGs of the FDI and ADM muscles also showed a non-
significant difference along the PC2 axis (F; = 3.68, P = 0.08)
with the CoG of the FDI muscle being more posteriorly posi-
tioned than the CoG of the ADM muscle (Fig. 4). Taken
together, the data show that the peak corticomotor represen-
tations of FDI and ADM, as indexed by the CoG, shifted in
the anterior-to-posterior direction on the precentral gyrus
during SICF mapping relative to single-pulse mapping, while
maintaining their relative positions in the anterior-posterior
and medio-lateral dimension (Fig. 5).
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Figure 2. Short-latency intracortical facilitation (SICF) curves and individual SICF-peak latencies. A: individual (color) and mean (black) SICF curves for the
abductor digiti minimi (ADM, /eft) and first dorsal interosseous (FDI, right) muscle. B: SICF-peak interstimulus intervals. C: individual maximum facilitation
for each SICF-peak, relative to single-pulse (S1) stimulus. ***linear mixed effect model P < 0.001. ISI, interstimulus interval; MEP, motor-evoked potential.
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Figure 3. Effects of condition on the center of gravity (CoG). Point, box, and density plots of raw values of within-subject mean adjusted center of gravity of
the anterior-posterior axis (A) and of the medio lateral axis (B). C: relationship between individual short-latency intracortical facilitation (SICF)-peak interstimu-
lus interval (ISI) and changes in center of gravity of the anterior-posterior axis. Each point represents data from one muscle [abductor digiti minimi (ADM) or
first dorsal interosseous (FDI)] for one participant. PC1, first principal component; PC2, second principal component. **linear mixed effects model P < 0.01,

***linear mixed effects model P < 0.001.

Sensitivity analyses.

The sensitivity analyses yielded similar results as our primary
analysis, showing a separation of the two muscles in all three
axes for the 3-D map and both axes on the simple grid map
(P < 0.05). Interestingly, we found that the FDI muscle was
more posterior on the grid map, whereas it was more anterior
in 3-D Cartesian space reflecting that the central sulcus also
runs in a posterior to anterior direction. These analyses also
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Figure 4. Effects of muscle on center of gravity (CoG). Point, box, and den-
sity plots of raw values of within-subject mean adjusted center of gravity
for all three conditions of the anterior-posterior axis (A) and the medio lat-
eral axis (B). Each point represents data from one condition [single-pulse
(S1), short-latency intracortical facilitation (SICF), or SICF,] from one par-
ticipant. ***linear mixed effects model P < 0.001. ADM, abducter digiti
minimi; FDI, first dorsal interosseous; PC1, first principal component;
PC2, second principal component.
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showed a separation of the three conditions across the three
lines on the simple grid map (P < 0.05) (i.e., AP direction) and
along the actual AP direction in 3-D Cartesian space (P < 0.05).

Relationship between CoG Shift and SICF-Peak
Latencies

We conducted mixed linear models with stimulation con-
dition and muscle as fixed effects, subject as a random effect,
and the difference in CoG along the anterior-posterior PC2-
axis as the outcome variable, for each SICF condition sepa-
rately. These models tested the hypothesis that the spatial
shift in CoG position between SICF and single-pulse maps
scaled linearly with individual SICF-peak latencies. For
SICF; mapping, we found a positive linear relationship
between SICF;-peak latency and the relative shift in CoG dur-
ing SICF; mapping (Fig. 3C). The larger the anterior-to-poste-
rior shift in SICF; CoG relative to single-pulse stimulation,
the longer was the individual SICF, latency [F(1) = 9.45, P =
0.008]. The SICF; model showed no effect of muscle and
no interaction between muscle and stimulation condition
(P > 0.47). For SICF, mapping, there was no linear relation
between SICF,-peak latency and the relative shift in CoG
during SICF, mapping.

Effects of SICF Mapping on Map Excitability

As expected, area and log-transformed volume of both
SICF maps were larger than the single-pulse map. Moreover,
the volume of the peak-normalized SICF maps was larger
than the peak-normalized single-pulse map suggesting an
expansion of the motor representation independent of the
amplitude facilitation.

SICF mapping map area increased from 7.6 *+ 3.37 (mean *
standard deviation) active targets, to 10.93 * 3.11 for the SICF,
(P < 0.001) and 13.25 + 2.98 for the SICF; (P < 0.001 compared
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with both S1 and SICF,) (Fig. 6). For log-transformed map vol-
ume there was no interaction between muscle and condition
(F, =115, P = 0.32), but there was a significant main effect of
muscle with FDI having a larger log-transformed map volume
than ADM (F; = 9.73, P = 0.008). We also saw a significant
effect of condition (F, = 107.15, P < 0.001), where log-trans-
formed SICF, map volume was larger than log-transformed S1
volume (1.19 +/— 0.11, P < 0.001) and log-transformed SICF;
map volume was larger than S1 (1.48 + /- 0.11, P < 0.001) and
SICF, (0.29 +/— 0.11, P = 0.021). The results were similar for
the peak-normalized maps, i.e., the relative map volume was
larger for FDI compared with ADM (F; = 9.8, P = 0.007), and
the relative map volume was larger for both SICF; and SICF,
mapping compared with S1 (P < 0.001), but not between the
two conditions (P = 0.09). Sensitivity analyses with log(x + 1)
transformed MEP amplitudes prior to normalization also
yielded results consistent with the original analysis with the
exception of a statistically significant difference between
SICF; and SICF, map volumes (SICF; — SICF, = 0.64, P =
0.004). Together, these results show that SICF stimulation
results in a relative expansion of the corticomotor representa-
tion compared with single-pulse TMS, and this relative expan-
sion was still present after accounting for differences in peak
amplitude (i.e., peak corticospinal excitability).

Latency and CV Differences between Conditions

The linear relationship between CV and log-transformed
MEP amplitudes was statistically significant (P < 0.001) and
was captured by the following model: CV = —-0.131 x
log(MEP,mpiituge) + 0.776. To assess whether the relation-
ship between CV and MEP amplitude was similar between
the three conditions, we modeled the residuals between the
predicted and observed CV. We found a significant effect of
condition [F(2) = 6.15, P = 0.002]. Post hoc tests showed that
both SICF; and SICF, had lower CV residuals than the S1 con-
dition (SICF;: —0.98 4 /— 0.033, P = 0.009; SICF,: —0.11 +/—
0.034, P = 0.003), but there were no differences between
SICF; and SICF, conditions (P = 0.86). We did not find any
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differences in MEP latency between the three conditions
(P=0.7) (Fig. 7).

DISCUSSION

Sulcus-aligned corticomotor mapping of intrinsic hand
muscles revealed that SICF produces a posterior shift in cor-
ticomotor representation compared with single-pulse TMS,
while preserving the well-known medial-to-lateral somato-
topic gradient (16, 33). We also found a spatial discordance in
CoGs between SICF;- and SICF, maps, with SICF; CoGs
located more posteriorly in the precentral crown. Finally,
exploratory correlational analyses revealed a spatiotemporal
relationship between the posterior shift of SICF; CoG and
individual SICF; ISI. Our findings were supported by differ-
ences in the relationship between CV and log-transformed
MEP amplitudes between S1 and SICF conditions.

Sulcus-Shaped Mapping Reveals Spatially Distinct
Networks Mediating SICF

By aligning stimulation targets to the central sulcus and
ensuring that the principal current direction is perpendicu-
lar to the gyral wall, even small spatial differences between
intrinsic hand muscles are detectable (16). This type of sul-
cus-shaped mapping is highly sensitive to learning-depend-
ent plasticity (34) and can be used to probe the intricate
organization of the primary motor cortex (15) including
interindividual differences in the anterior-posterior location
of single-pulse TMS CoGs (18). We extend these previous
findings by showing that sulcus-shaped mapping can reveal
spatially distinct corticomotor maps from single- and paired-
pulse TMS protocols.

Computational modeling show that TMS primarily acti-
vates cortical layers 2-5 in the gyral crown, with layer 5
pyramidal neurons having the lowest threshold followed by
layer 2/3 pyramidal interneurons (2). Moreover, at peri-
threshold intensities, as applied in this study, direct waves
are typically not observed epidurally (5). Thus, TMS pulses
applied in this study therefore likely exerts its excitatory
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effect on PTNs indirectly through layer 2/3 and 5 pyramidal
neurons located in the gyral crown or lip. Early work in ani-
mals has demonstrated that I-waves can be triggered from
both parietal and premotor sites and the supplementary
motor area (SMA) (35-37). Recent evidence also suggests a
tight coupling between somatosensory high-frequency oscil-
lations, SICF periodicity, and cortical somatosensory myeli-
nation in humans (38). Based on this coupling combined
with the notion that TMS directed at the precentral gyrus
evokes an (almost) equally strong electric field in the pri-
mary somatosensory area (1), one hypothesis could be that
the posterior shift in SICF hotspot is brought about through
coactivation of the primary somatosensory area.
Nevertheless, the only factor separating single-pulse and
SICF conditions in the current study is the subthreshold pulse
(S2) applied in SICF, which is thought to act on cortical ele-
ments excited by the suprathreshold S1 pulse (8). Thus, one
interpretation of our results is that the subthreshold S2 SICF
pulse causes suprathreshold excitation of neurons in the sub-
liminal fringe of the S1, which are located posterior to neurons
excited by low-intensity suprathreshold single-pulse TMS.
The relationship between SICF and I-waves is still not
known. When two low-intensity pulses with 1-1.4 ms, but
not 2 ms, ISI are applied, the number and size of descending
waves recorded epidurally and the ensuing MEP increases
(10). However, the use of two suprathreshold stimulations
limits the interpretation as the S1 could be acting on S2
rather than the other way around. As such, although SICF
and corticospinal I-waves likely originate at least in part
from the same circuitry, the neural underpinnings are still
not known. Recent methodological advancements enable
the mapping of immediate TMS-evoked EEG activity and
may pave the wave for future exploration of this matter (39).
Additional support for our hypothesis that SICF is mediated
by distinct networks, was found when analyzing differences
in CV residuals based on the modeled relationship between
CV and log-transformed MEP amplitude from the S1 condi-
tion (26). We found that CV residuals were lower for both
SICF conditions. This means that the trial-to-trial MEP vari-
ability was lower for SICF conditions than what would have
been expected from single-pulse TMS eliciting MEPs at a
similar amplitude. This may be accounted for by SICF pro-
ducing more synchronized descending activity than single-
pulse TMS, supporting the notion that single-pulse MEPs
and SICF is produced by nonidentical networks. On the other
hand, we did not find any differences in MEP latency
between single-pulse and the two SICF peaks measured from
the SICF curves. A previous study has shown that more ante-
rior hotspots were associated with longer MEP latency (18).
Therefore, we would have expected the posterior shift in
CoG in SICF conditions to have resulted in shorter MEP
latencies, which we did not see. One reason for this could be

Figure 6. Short-latency intracortical facilitation (SICF) map facilitation.
Point, box, and density plots of differences between muscles for all three
conditions (/eft) and between conditions for both muscles (right) on raw
values of map volume (A), within map peak-normalized map volume (B),
and map area (C). Each point represents data from one muscle [abductor
digiti minimi (ADM) or first dorsal interosseous (FDI)] or one condition [sin-
gle-pulse (S1), SICF, or SICF;] from one participant (left and right side
respectively). *linear mixed effects model P < 0.05, **linear mixed effects
model P < 0.01, ***linear mixed effects model P < 0.001.
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Figure 7. Coefficient of variation and motor-evoked potential (MEP)
latency. Point, box, and density plots of differences in coefficient of varia-
tion (CV) residuals (A) and MEP latency (B) between the three conditions.
In (A) each point reflects the difference between predicted and observed
CV for each stimulation target for each participant and each condition.
In (B) each point represents data from one muscle from one participant.
**linear mixed effects model P < 0.01, ns, not significant. SICF, short-
latency intracortical facilitation.

that in the SICF paradigm the S2 is believed to cause facilita-
tion of S1 meaning that S1 dictates the MEP latency whereas
S2 only influences later descending activity. However, future
studies should investigate the relationship between MEP
latency and paired-pulse TMS further.

SICF, and SICF, Peaks Are Generated by Spatially
Distinct Networks

Electrophysiological experiments have shown that condi-
tioning SICF with a subthreshold stimulation prior to the S1
stimuli (i.e., SICI conditioning) produces specific modulation
of only the second SICF peak (40). This suggests that distinct
interneuronal networks mediate the two first SICF peaks.
Supporting this notion, only the SICF, peak is modulated
during movement preparation (12, 41) and low-level contrac-
tions (13) and is facilitated after motor practice (14). We
found a systematic spatial difference in SICF; and SICF,
CoGs corroborating these previous findings and further sug-
gesting that the two peaks are distinct phenomena generated
by two spatially overlapping, but nonidentical networks.

Given the previously observed coupling between cortical
myelination and SICF periodicity (38), we expected a linear
relationship between the temporal distance of SICF peaks
and the spatial shift in CoG. Interestingly, we found that the
spatial shift of the SICF, peak was smaller than the earlier
SICF; peak. This could reflect that SICF, is mediated either
by 1) slower conducting unmyelinated interneurons, 2) addi-
tional interneuronal links, or 3) that the SICF, peak is gener-
ated from multiple stimulated sites. Our method is not
sensitive enough to dissociate these possibilities, but since
we did not find a spatiotemporal relationship between indi-
vidual SICF, CoG displacement and SICF, peak latency, this
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could indicate SICF, is influenced by multiple stimulated
sites. On the contrary, our exploratory analysis did show a
positive relationship between the posterior shift of SICF;
CoG and individual SICF;-peak ISI. This finding suggests
that the longer the projection distance between the SICF;
generating network and the hotspot for single-pulse TMS,
the longer the conduction time. However, further research is
needed to support this claim.

Short-Latency Paired-Pulse TMS Facilitates MEP
Amplitude and Expands the Corticomotor Map

In line with a previous study from preoperative patients,
SICF mapping produced both increased log-transformed map
volume and expansion of the map area (42). However, the
only study to investigate SICF in neurologically intact humans
did not find any change in map area or spatial differences in
map CoGs between single-pulse and SICF (43). Although the
methodological approach was very similar to the current
study, the authors used fixed ISIs of 1.4 and 2.8 ms and
adjusted the S1 intensity for SICF to the paired-pulse thresh-
old. This rendered both pulses below RMT meaning that it is
unlikely that the S1 stimulus would be sufficiently strong to
reveal any spatial differences between the conditions.

Interestingly, our data showed that map expansion was not
contingent on the increase in MEP amplitude, but that the
spatial extent of intracortical networks underlying SICF
exceeds those activated from a single peri-threshold stimula-
tion. Importantly, the map expansion cannot be attributed
to an alteration of the induced e-field caused by applying
paired-pulse TMS, as the temporal duration of a TMS-induced
e-field is significantly shorter than the ISI of the paired pulses.
This has important implications for the use of TMS. First,
map expansion suggests that the spatial extent of the neural
response to TMS in the stimulated cortex is influenced not
only by the spatial properties of the induced electric field but
also by physiological processes triggered by TMS. Second,
map expansion indicates that single-pulse TMS mapping may
not fully reveal the extent of the motor eloquent area, which
could be particularly relevant for clinical applications such as
preoperative TMS mapping (42, 44). More research is needed
to dissociate whether map expansion is caused by recruit-
ment of a spatially larger network, a better synchronization of
descending corticospinal volleys, or both.

Methodological Considerations

In this study, we used biphasic AP-PA TMS pulses that is
associated with a low corticomotor threshold (21), and
enabled us to use lower stimulation intensities compared
with monophasic pulses, minimizing the spatial spread of the
induced electric field. Computational modeling of mono-
phasic and biphasic TMS pulses suggest that the posterior lip
of the precentral gyrus is more sensitive to the component of
the stimulus producing a PA current direction (2). Moreover,
monophasic AP- and PA-oriented pulses may target different
I-wave generating networks (45) and potentially also different
SICF peaks (46, 47). This could explain the spatial difference
between single-pulse and SICF representations, as PA-sensi-
tive neurons in the subliminal fringe could shift the SICF hot-
spot further posterior. On the other hand, epidural recordings
show that I-waves from biphasic AP-PA stimulation occur at
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the same latency as monophasic PA stimulation (48) and
biphasic paired-pulse TMS elicits a characteristic SICF curve
(31). These findings suggest that at least at near-threshold
intensities, bi- and monophasic TMS target similar networks.
Future studies should aim toward SICF mapping using mono-
phasic pulses if possible.

An inherent limitation in the assessment of corticomotor
excitability via compound potentials such as the MEP is the
inability to segregate between direct monosynaptic inputs
from corticomotoneuronal cells versus di-or polysynaptic
inputs via brainstem or spinal interneurons. Consequently,
we cannot reject the possibility that other descending path-
ways than the direct corticomotor projections influenced the
observed facilitation and posterior shift in excitability profiles
associated with the two SICF conditions. It should be noted
that with peri-threshold stimulation intensities it is unlikely
that brainstem pathways, such as the reticulospinal pathway,
contribute to a meaningful extent to MEPs recorded from a
quiescent hand muscle contralateral to the stimulated hemi-
sphere (49-51).

Sulcus-shaped mapping is well established and has proven
more sensitive to muscle somatotopy than simple grid-based
mapping (16, 18, 34), but it does not allow for delineation of
the effective cortical site or sites of TMS activation. When
interpreting the CoG from TMS maps, it is crucial to recognize
that the CoG method is inherently insensitive to multiple spa-
tial peaks in corticomotor representations of a given muscle.
Gordon et al. (52) used task-based functional MRI and phase
mapping to delineate motor representations in the human
brain, revealing a concentric organization of hand movements
along the posteromedial-anterolateral axis. Our TMS mapping
approach sampled a limited area and the sampling density of
the stimulated grid, together with our CoG approach precludes
the possibility of multiple peaks or hotspots of muscle repre-
sentations. However, since our mapping procedure was identi-
cal between all conditions we are still able to make conclusions
about the relative sites of TMS activation. Novel TMS mapping
techniques that combines MEP measures with numerical mod-
eling of induced electric fields have been developed (53-55),
which could help elucidate this in future studies.

We used the FDI hotspot to determine SICF-peak latencies.
This hotspot may not fully align with the CoG derived from
the sulcus-shaped mapping and could potentially influence
the SICF-peak latencies. However, similar spatial patterns
were observed for SICF of the FDI and ADM despite their dif-
ferent spatial cortical representations. This between-muscle
replication suggests that minor spatial discrepancies between
the FDI hotspot and the CoGs of SICF were not critical. The
possibility of different SICF-peak latencies at different pericen-
tral sites is a relevant area of future research for which a multi-
locus TMS device would be ideal (56). The three TMS maps
were generated separately. Since the amplitude but potentially
also the type of the previous stimulation (24) may influence
the corticomotor response to TMS, the magnitude of SICF may
differ from the facilitation observed when SICF and S1 condi-
tions are intermixed. Future studies should aim at investigat-
ing the effects of blocked versus interleaved SICF paradigms.

An additional limitation of the study is that the maps were
only created at rest. SICF is still present during low level con-
tractions, but we do not know how motor maps would be
affected.
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Conclusions

Shape-based TMS mapping of precentral motor cortex
revealed that single-pulse TMS and SICF engages overlap-
ping, but distinct corticomotor representations of intrinsic
hand muscles. This spatial discordance supports the notion
that the cortical elements that are most responsive to a single
TMS pulse differ from those activated when probing SICF
with paired-pulse TMS, revealing yet another facet of the
finely arranged organization of the human motor cortex.
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