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Abstract

Objective: The ability to selectively up- or downregulate interregional brain connectivity would
be useful for research and clinical purposes. Toward this aim, cortico-cortical paired associative
stimulation (ccPAS) protocols have been developed in which two areas are repeatedly stimulated
with a millisecond-level asynchrony. However, ccPAS results in humans using bifocal transcranial
magnetic stimulation (TMS) have been variable, and the mechanisms remain unproven. In this
study, our goal was to test whether ccPAS mechanism is spike-timing—dependent plasticity
(STDP).
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Materials and Methods: Eleven healthy participants received ccPAS to the left primary motor
cortex (M1) — right M1 with three different asynchronies (5 milliseconds shorter, equal to, or

5 milliseconds longer than the 9-millisecond transcallosal conduction delay) in separate sessions.
To observe the neurophysiological effects, single-pulse TMS was delivered to the left M1 before
and after ccPAS while cortico-cortical evoked responses were extracted from the contralateral M1
using source-resolved electroencephalography.

Results: Consistent with STDP mechanisms, the effects on synaptic strengths flipped depending
on the asynchrony. Further implicating STDP, control experiments suggested that the effects were
unidirectional and selective to the targeted connection.

Conclusion: The results support the idea that ccPAS induces STDP and may selectively up- or
downregulate effective connectivity between targeted regions in the human brain.

Keywords

Cortico-cortical paired associative stimulation; diffusion MRI tractography; effective connectivity;
electroencephalography; spike-timing dependent plasticity

INTRODUCTION

The human brain depends on appropriate long-range connectivity between cortical regions
for normal behavioral function. Synaptic weights that influence connectivity are constantly
adjusted in an experience-driven fashion.1 Many psychiatric conditions involve synaptic
changes in interregional connectivity strengths.2 Similarly, white matter lesions, from, for
example, stroke, disrupt specific axonal connections, which results in different deficits
depending on the lesion site.3~7 Therefore, the ability to increase or decrease strengths of
specific connections in a controlled manner would carry strong research and therapeutic
potential.

In animal models, invasive cortico-cortical paired associative stimulation (ccPAS) has

been explored for modulating connectivity in a controlled manner.8-10 ccPAS protocols
stimulate two cortical areas with millisecond-level asynchrony. ccPAS is believed to invoke
spike-timing—dependent plasticity (STDP), which is a temporally asymmetric N-methyl-D-
Aspartate (NMDA) receptor-mediated form of Hebbian plasticity, extensively examined in
a broad variety of neural preparations, including in cultured systems, 11 acutely prepared
brain slices, 1213 and in vivo animal models.8-10.14.15 STDP s induced by stimulating
presynaptic and postsynaptic sides of the target synapse with slight temporal offsets; the
millisecond-level order of pre- vs postsynaptic activations determines whether synaptic
strength is increased or decreased.

In humans, ccPAS has been applied noninvasively by delivering bifocal transcranial
magnetic stimulation (TMS) pulses.16-18 Results in healthy participants suggest that it may
be possible to use ccPAS to modulate behaviors associated with specific connections,19:20
and even clinical applications may emerge.?122 However, ccPAS mechanisms in humans
remain unproven.23-25 Mechanistic knowledge is needed because the required stimulation
asynchrony critically depends on whether the mechanism is STDP. Furthermore,
spatiotemporally accurate neurophysiological outcome measures that could quantify ccPAS
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synaptic effects—and therefore reveal the mechanisms—are lacking. A related problem
is that axonal interregional conduction delays, which need to be considered, are poorly
characterized in humans.

In this study, with the goal of examining these issues, we 1) study in humans whether ccPAS
induces cortical synaptic changes in effective connectivity through STDP and 2) develop

a spatiotemporally accurate, noninvasive neurophysiological outcome measure to capture

the effects that could also 3) reveal the axonal conduction delays. Figure 1 schematically
illustrates our experimental model that includes synaptic-level modulations that, when many
synapses are affected, can be detected extracranially with electroencephalography (EEG).
Figure 1 (left) shows bifocal TMS of areas A and B that are axonally connected through

the corpus callosum, for example, the left and right hemisphere primary motor cortices
(M1s).26-28 Figure 1 (right) depicts the effect of asynchrony values on a target synapse in
area B. Area A is stimulated at t = 0 milliseconds, leading to secondary activation of the
presynaptic terminals in area B after a conduction delay. The transcallosal axonal conduction
delay from left M1 — right M1 is known, on the basis of bifocal interhemispheric inhibition
studies, to be approximately 9 milliseconds.2%:30 In experimental condition 1 (top), a TMS
pulse to B is delivered at t = 14 milliseconds, which causes the presynaptic axon terminals
to activate 5 milliseconds before the postsynaptic elements. According to STDP rules,! this
leads to long-term potentiation at the target synapse. In experimental condition 2 (middle), B
is stimulated at t = 9 milliseconds, causing the pre- and postsynaptic elements to be activated
at the same time, leading to no change in synaptic efficacy.1! Experimental condition

3 (bottom) delivers a TMS pulse to B at t = 4 milliseconds, consistent with long-term
depression in the STDP framework.11

MATERIALS AND METHODS

The inclusion criteria were as follows: healthy, aged 18 to 85 years, right-handed,3! and
normal (corrected) vision and hearing. The exclusion criteria were any contraindications

to TMS or magnetic resonance imaging (MRI); neurological, psychiatric, or other

relevant medical problems; and medications influencing brain function.32 All experimental
procedures were approved by the Northwestern University Institutional Review Board

and were in accord with the Declaration of Helsinki (ClinicalTrials.gov Identifier
NCT03723434). Participants gave their written informed consent at enrollment. Fourteen
participants took part in the ccPAS recordings. Of these, data from three were removed,

two owing to EEG instrument technical reasons (in one, EEG was recorded with different
settings, and in another, the reference electrode was broken) and one because the TMS-
evoked responses were too strongly contaminated by muscle artifacts. This resulted in a final
sample of 11 subjects for whom TMS-EEG data were available (seven women, mean age 33
+ 14 years).

Experimental Design

The model in Figure 1 results in three predictions if the mechanism is indeed STDP. First,
the effects on synaptic efficacy, as measured with postsynaptic potentials (PSPs), should be
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temporally specific because they flip from increased to decreased when the order of pre- vs
postsynaptic activation in the target synapse is reversed.16:17:33 This hypothesis was tested in
the main experiment. Second, the effects should be unidirectional (A — B but not B — A)
because the target synapses with pre- to postsynaptic delays that should induce STDP are in
area B, not in area A. Third, in area C (not shown), there should be no STDP because it does
not receive TMS, indicating spatial selectivity (A — B but not A — C). These predictions
were tested in control experiments.

Experimental Design: Main Experiment

Figure 2 shows the design of our main experiment. In 11 healthy volunteers, changes caused
by ccPAS were observed by recording the strengths of the target synapses in right M1 before
and after ccPAS. These were obtained by delivering single-pulse TMS (spTMS) to the

left M1 while measuring cortico-cortical evoked potentials (ccEPs) from the right M1. To
extract the ccEPs from right M1 in a spatially and temporally selective manner, source-space
EEG was used.34 EPs reflect PSPs—particularly those of pyramidal neuron apical dendrites
—and therefore measure synaptic strengths.3%36 |f ccEP amplitudes from right M1 increase
after ccPAS, effective connectivity left M1 — right M1 increases; conversely, if the ccEP
response amplitudes from right M1 decrease before vs after ccPAS, effective connectivity
left M1 — right M1 decreases. The ccEP time courses were further examined to see
whether they would agree with the a priori knowledge of having an onset at approximately 5
milliseconds and peaking at approximately 9 milliseconds.2%:30

Experimental Design: Control Experiments

To further clarify whether the mechanism was STDP, we conducted three control
experiments. First, because the transcallosal connections between left and right M1 are
reciprocal,37 we tested whether STDP-related connectivity changes were unidirectional by
delivering spTMS to the right M1 (in separate runs from those in which spTMS was
delivered to the left M1) and extracting ccEPs from the left M1. Supplementary Data Figure
S1 shows that in left M1, the pre- to postsynaptic delays are different from right M1
because they are always negative (—23/-18/-13 milliseconds for the asynchrony conditions
14/9/4 milliseconds, respectively) and mainly outside the rather narrow pre- vs postsynaptic
timing window in which STDP is expected to occur.1! Second, to test whether any STDP-
type effects showed spatial specificity, we also extracted the ccEPs from a nearby control
region in the prefrontal cortex (right hemisphere pars orbitalis, from the anatomical a priori
parcellation in FreeSurfer) from the data in which spTMS had been delivered to the left M1.
Third, we also recorded motor evoked potentials (MEPS) from the left hand when spTMS
was delivered to the right M1.

Although the goal was to record each participant with all three asynchronies, not all subjects
were available for all conditions, mainly because of the need for multiple lengthy visits for
each subject. From the total of 11 participants, eleven received ccPAS with an asynchrony
of 14 milliseconds, seven with 9 milliseconds, and eight with 4 milliseconds. The order

of visits was single-blinded and counterbalanced across participants with a break of at

least seven days between them for washout. To assess the effects of ccPAS, as well as the
conduction delays, we recorded spTMS-evoked EEG responses before (Before) and at ~10
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(After[1]) and ~60 (After[2]) minutes after ccPAS (Fig. 2). For the spTMS runs before and
after the ccPAS run, we stimulated the left M1 (shown in Fig. 2) and right M1 (not shown in
Fig. 2) in separate runs. In addition, MEPs were recorded from the contralateral hand (first
dorsal interosseus [FDI]).

During TMS, the participants wore earplugs for hearing protection. We first found the
resting motor threshold (rMT) for the left and right primary motor cortex (M1) for the
contralateral FDI muscle. The rMT was determined as the lowest TMS intensity evoking
MEPs with an amplitude > 50 pV peak-to-peak in at least five of ten consecutive trials.38
Within subjects, the rMTs were stable across visits (3.8% for the left hemisphere and 3.1%
for the right hemisphere; SD divided by the mean).

Structural MRI Recordings: T1-Weighted Images and Diffusion MRI

For TMS navigation, EEG source analysis, and TMS electric field (E-field) computations,
high-resolution 3D T1-weighted images of the head were obtained on a 3 T Siemens
Prisma Scanner and a 64-channel receiver array (Siemens, Erlangen, Germany). The images
were acquired using a Multi-Echo Magnetization-Prepared Rapid Acquisition Gradient Echo
sequence (TL/TR/TEL/TE2/TE3/TE4/a = 1190/2400/1.87/3.75/5.63/7.51 ms/7°, sagittal
slice orientation, 0.8 mm or 1.0 mm isotropic resolution depending on the head size,
2xGRAPPA).39 These data were available from all subjects. In addition, to observe the
transcallosal axonal bundle connecting left and right M1 FDI representations with MRI
tractography, subjects were scanned with whole-brain diffusion spectrum imaging 40 with
simultaneous multislice sequence with 257 directions,*! 2 mm isotropic voxel size, and a
grid scheme with 22 different nonzero 6 values ranging from 150 to 4000. These data were
available from seven subjects; in the others, the MRI specific absorption rate limit was
exceeded. The sequence contained, after three initial b0 volumes, additional 12 interspersed
b0 volumes every 21 volumes (total of 271 volumes) that were used for motion correction
during preprocessing (below).

MRI Analysis

The MRIs were processed with FreeSurfer (version 6.0)*2 for segmentation, parcellation,
and reconstruction of cortical surfaces. In addition, we used FreeSurfer and the minimum
norm estimate (MNE) processing stream34 to extract the inner skull, outer skull, and scalp
surfaces for individually shaped boundary element models (BEMs) that were used for

EEG source analysis and TMS E-field modeling (below). For probabilistic tractography,

the individual level diffusion data were preprocessed with motion correction using the
interspersed b0 volumes, analyzed with FSL dtifit/bedpost,43 and seeded with the individual
level left and right M1 areas extracted from the TMS-induced E-fields (below). The seeded
results were then normalized with the individual level seed volumes (a standard technique

to remove bias from seed volume differences across subjects). Thereafter, group-level
analysis used FreeSurfer nonlinear morphing techniques (mri_cvs_register) to spatially align
the individual brains and tractography results to the CVS35 standard brain in Montreal
Neurological Institute (MNI) space,*44° followed by averaging of the results across subjects
in this standard space.
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Single-pulse TMS

spTMS was applied with a MagPro X100 with MagOption stimulator and a C-B60 figure-
of-eight coil (MagVenture, Farum, Denmark). TMS was targeted with a neuronavigation
system (Localite, St Augustin, Germany) using the individual MRIs. The participants
received 80 biphasic pulses at 100% rMT to the left M1 while the EEG evoked responses
were recorded during the Before, After[1], and After[2] conditions. Although using a
stronger intensity (> 100% rMT) might have increased the ccEPs, increasing the intensity
would also have strengthened the TMS-evoked artifacts,*6-49 which would likely have
hampered the ability to observe the responses starting already at 5 milliseconds after spTMS.

ccPAS Parameters and Tasks

ccPAS was applied with two MagPro X100 with MagOption stimulators and two small,
highly focal figure-of-eight coils (Cool-B35, MagVenture). Each coil was attached to a
high-performance two-stage liquid-based cooler (MagVenture). The first TMS pulse was
delivered to the left M1 and the second pulse to the right M1, with an asynchrony of 14
milliseconds, 9 milliseconds, or 4 milliseconds in different sessions. A total of 180 biphasic
ccPAS pulses were delivered at a rate of 0.2 Hz (15 minutes) at 120% rMT to the FDI
cortical representations (Fig. 2). To control for attention and vigilance, the task was to count
the ccPAS pulse pairs silently. The subjects were instructed to keep their eyes open, look
straight ahead to a fixation cross, and blink as little as possible. At 120% rMT intensity

and coil orientation perpendicular to the local curvature of the central sulcus, one should
expect that the pyramidal neurons were mainly activated through the indirect (I) mechanism,
although the direct (D) mechanism may somewhat contribute.>% Regarding the conduction
delay and optimal asynchrony, the mechanism should not influence the results because

the latency difference between D- and I1-waves is only approximately 1.3 milliseconds®®
whereas the asynchrony increments were clearly longer (5 milliseconds).

EEG Recordings

EEG was recorded with a TMS-compatible 64-channel system (NeurOne Tesla, Bittium,
Kuopio, Finland). The EEG electrodes were placed according to the International 10-20
System®! in an elastic cap and referenced to the right mastoid. Electrooculogram was
recorded with electrodes placed at the lateral canthus of each eye (horizontal) and above and
below the right eye (vertical). Impedances of all electrodes were checked before each run
and kept below 5 kQ. The signals were acquired in DC mode, band-pass filtered from 0.16
Hz to 5 kHz, and digitized at a sampling rate of 20 kHz. All recordings were carried out
inside a two-layer electrically shielded room (Gaven Industries Inc, Saxonburg, PA).

TMS—-EEG Artifact Minimization

To minimize the electrical artifacts induced by spTMS, each EEG electrode lead was rotated
to an orientation in which the induced currents from the TMS coil were minimal, that

is, pointing away from the coil and perpendicular to the coil windings.52 Finally, the cap

was covered with a layer of plastic wrap to reduce electrode/lead movement and prevent

the electrode gel from drying out. To further control the artifacts, we also monitored the
TMS-evoked EEG online to immediately detect and resolve any issues, used TMS-optimized
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pellet electrodes (EasyCap GmbH, Herrsching, Germany) and an EEG instrument with a
wide dynamic range, and performed minimal filtering.46:48

Motor Evoked Potentials

For MEP recordings, 80 biphasic spTMS were administered to the right M1 at 100% rMT
while MEPs were recorded from the left FDI (Bittium). The MEPs were averaged across
trials, and peak-to-peak amplitudes were measured. These data were collected at the same
time as the EEG data for the control experiment for directionality.

Coordinate System Alignment Between MRI, EEG, and TMS

After EEG preparation, the locations of each electrode, three fiduciary landmarks (nasion
and two preauricular points), and approximately 120 additional scalp surface points were
recorded with the TMS navigation system (Localite, Bonn, Germany). The fiduciary points
were then identified from the structural MRIs for an initial coordinate system alignment.
Using the scalp surface points, this initial approximation was refined using an iterative
closest point search algorithm.34

TMS-induced E-fields

TMS-induced E-fields at left and right M1 were computed using our published techniques
that combine the coil winding geometry and navigator data with individually shaped BEMs
(singer-layer at the inner skull) extracted from each participant’s MRIs.53:°4 The E-fields
were computed at the gray-white matter surface of the individual anatomy and thresholded
at 80% of the maximum value.

EEG Preprocessing and Evoked Responses

EEG analysis was performed offline with MATLAB (The Mathworks, Inc, Natick, MA)

and the MNE processing stream.3# The data were detrended, and the traces were visually
inspected. Next, bad channels (eg, containing high noise level, strong muscle/eye movement,
or nonresponsive) and bad trials (amplitudes exceeding + 30 PV or excessive muscle activity
from eye blinks or scalp/neck muscles, in the time window —200 to +100 milliseconds) were
removed. Thereafter, the evoked responses were averaged time locked to the spTMS pulses
(t = 0 milliseconds) in a time window of —200 to +300 milliseconds. To make interpretation
straightforward and avoid known confounds, we did not use signal processing algorithms for
attempting to suppress artifacts in TMS-evoked EEG data.#9:55-58

EEG Source Analysis

Source analysis of the spTMS-evoked EEG responses was conducted with the MNE
magneto/electroencephalography processing stream.34 The individual level three-layer
BEMs (with inner skull, outer skull, and scalp) extracted from the MRIs were decimated
to 5120 triangles and used as the volume conductor. MNEs were computed from combined
anatomical MRI and EEG data.59-61 For inverse computations, the cortical surface from
FreeSurfer was decimated to 4098 vertices per hemisphere; the source space was restricted
to cortical gray matter; and orientations were restricted to be perpendicular to the local
curvature of the cortical surface.52 The noise covariance matrix was obtained from the
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prestimulus interval (=205 to -5 milliseconds) of the Before condition of each visit. The
evoked response time courses were then computed for each vertex, separately for the Before,
After[1], and After[2] conditions.34:63

Because the ccPAS-modulated synapses were in the right M1, the time courses were
extracted from a region of interest (ROI) in the right M1 area identified with the TMS-
induced E-field estimates thresholded at 80% of the individual maximum (Fig. 2). In the
control experiment for directionality, the time courses were instead extracted from the left
M1 during right M1 stimulation. The additional control region in the right prefrontal cortex
was picked from the FreeSurfer cortical parcellation. These ROIs contained several vertex
points, each with its own time course. Each time course was baseline corrected from —200
to —10 milliseconds, averaged across vertex points within the ROI, and rectified (absolute
value). Finally, the resulting ROI time courses were visually inspected, and any conditions
in which the TMS pulse artifact persisted at latencies > 5 milliseconds or the prestimulus
baseline noise levels differed between Before/After[1]/After[2] were removed from further
analysis. Owing to these strict quality requirements, although there were 11 patients who
produced ccPAS data in which at least one condition passed these criteria, for the numerical
analyses, the final N was smaller for each condition (for the 14-millisecond asynchrony A/ =
7 for both After[1] and After[2]); for the 9-millisecond asynchrony A= 6 for After[1], N=7
for After[2]; for the 4-millisecond asynchrony A/ = 8 for After[1], N =7 for After[2].

Statistical Analysis: Linear Mixed Model and Post Hoc Tests

To quantify the response amplitudes, the MNE time courses were averaged across 5 to 20
milliseconds (area under the curve, AUC); the statistical analyses below used their log(10)
values. First, in an auxiliary analysis that was separate from the main analysis, to exclude
the possibility that there were session-specific excitability differences unrelated to ccPAS,
we compared the Before AUC amplitudes (dependent variable) across the three Asynchrony
conditions (14/9/4 milliseconds, independent variables) using a linear mixed model (LMM).
Then, in our main analysis for the ccPAS effects, the After[1] and After[2] responses

were first normalized within sessions relative to the Before values. Note that latencies

> 20 milliseconds were excluded because they have been suggested to be contaminated

by artifacts from TMS tactile and acoustic stimulation®* and/or confounded by recurrent
activations back-projecting from other areas and indirect connections;® latencies < 20
milliseconds do not suffer from these issues because of delays in sensory and interregional
pathways, even if they are more prone to extracranial TMS artifacts. Some subjects

were not available for all three ccPAS asynchrony conditions, and some sessions were
rejected owing to data quality, causing missing values incompatible with an analysis of
variance. Therefore, we used the LMM method implemented in SPSS (version 27, IBM,
Chicago, IL) that compensates for the effects of missing values using maximum likelihood
techniques.66:67 Specifically, the AUC values from After[1] and After[2] were entered into
an LMM with asynchrony as a continuous covariate (14/9/4 milliseconds zero-meaned to
+5/0/-5 milliseconds, respectively), time (After[1]/After[2]) as a factor, and AUC response
amplitude as the dependent variable. Fixed effects (asynchrony, time, and interaction
asynchrony * time) were analyzed using a maximum likelihood estimator and a diagonal
design matrix. Finally, for post hoc tests, the normalized response amplitudes were analyzed
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with the nonparametric Kruskal-Wallis test. Significance threshold was p < 0.05 (two-tailed).
Post hoc tests were only computed for areas in which the LMM result for asynchrony was
significant.

Bayesian Post Hoc Statistics

RESULTS

We also used Bayesian inference to analyze the same AUC values as above because
Bayesian statistics are considered to be robust even with relatively few observations.58
Specifically, we used Bayesian £tests implemented in SPSS (version 27), with Diffuse prior
and Rouder’s method.59 We report the posterior significance (o), Bayes Factor (BF) values,
and 95% credible intervals (CI). Significance threshold was p < 0.05 (two-tailed). Again,
post hoc tests were only computed for areas in which the LMM result for asynchrony was
significant.

Diffusion MRI Tractography

Figure 3 shows the group-level tractography results, consistent with a strong transcallosal
axonal connection between the stimulated areas in the left and right M1 (similar
results26.28),

TMS-EEG Results From the Main Experiment

Figure 4 (left) shows group-level ccEP time courses extracted from the right M1, evoked by
SpTMS to the left M1, separately for the three different asynchronies (14, 9, 4 milliseconds)
and time points (Before, After[1], After[2]). As expected, the nonphysiological TMS pulse
artifact at approximately 0 milliseconds was much larger than the physiological range

of EEG signals. However, the initial TMS artifact decayed quickly, in <5 milliseconds.
Note that within each asynchrony visit, the TMS pulse artifact should be similar across

the three time points (Before, After[1], After[2]) because the neuronavigated TMS coil
location, all TMS parameters, and the EEG electrodes, leads, and impedances were kept
constant within each visit. Based on the previously carefully characterized interhemispheric
transcallosal conduction delays of 5 to 10 milliseconds between the motor cortices in
previous literature,22-30 we expected that the ccEPs and therefore ccPAS effects would

also be maximal around the conduction delay, which was supported by these results, in
which particularly the 14- and 9-millisecond conditions showed clear deflections in this time
window (note that the TMS pulse is very brief, only approximately 0.2 milliseconds, and
therefore we are no longer injecting energy into the system at the time when the responses
begin to rise at approximately 5 milliseconds). The responses also extended to somewhat
longer latencies, consistent with the transcallosal bundle comprising axons with different
conduction velocities.3%:70-72 For statistics, we first confirmed in the auxiliary analysis
using LMM that there were no clear differences between the Before conditions of the three
Asynchrony conditions (df = 13.39, F = 0.02, significance = 0.88). Next, our main analysis
of the ccPAS effects using an LMM found a significant effect for Asynchrony (df = 24.70, F
= 14.9, significance = 0.001) but not for time (df = 33.31, F = 0.01, significance = 0.91). The
interaction asynchrony * time was nonsignificant (df = 25.19, F = 0.07, significance = 0.80).
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Figure 4 (right) depicts the corresponding AUC amplitudes (mean + SEM, After[1]/After[2]
normalized relative to the Before condition).

Kruskal-Wallis post hoc tests comparing the After AUC values across the three asynchrony
conditions found significant differences between 4- and 14-millisecond asynchronies at both
After[1] (p=0.028) and After[2] (p = 0.013). Other comparisons were not significant (After
[1] 4 milliseconds vs 9 milliseconds p=0.519 and 9 milliseconds vs 14 milliseconds p

= 0.317; After[2] 4 milliseconds vs 9 milliseconds p=0.949 and 9 milliseconds vs 14
milliseconds borderline significant at p = 0.064). In comparisons between the Before vs
After time points, the asynchrony of 14 milliseconds increased the response amplitude
significantly at After[1] (p=0.012) and a nonsignificant trend at After[2] (p=0.132),
whereas 4 milliseconds decreased response amplitudes significantly at After [2] (p=0.012)
but not at After[1] (p= 0.369). As predicted, 9 milliseconds showed no significant changes
or even trends at either time point (After[1] p= 1.00; After[2] p = 0.633). These results
were consistent with STDP mechanisms. Supplementary Data Figure S2 illustrates the
corresponding whisker plots.

Bayesian comparisons of the After AUC values across the three asynchrony conditions
found a significant difference between 4- and 14-millisecond asynchronies at both After[1]
(p=10.032 BF = 0.425 CI = -0.004 to 0.541) and After[2] (»=0.009 BF = 0.160 CI =
0.052 to 0.430). There was also a difference at After[2] between the 9- and 14-millisecond
asynchronies (p = 0.050 BF = 0.573 CI = -0.033 to 0.578). Other comparisons were
nonsignificant (After [1] 4 milliseconds vs 9 milliseconds p= 0.547 BF = 2.423 Cl =
-0.262 to 0.422 and 9 milliseconds vs 14 milliseconds p=0.214 BF = 1.462 Cl = -0.179
to 0.556; After[2] 4 milliseconds vs 9 milliseconds p=0.792 BF = 2.752 Cl = -0.317 to
0.254). In Bayesian comparisons between the Before and After time points, the asynchrony
of 14 milliseconds showed at After[1] a nonsignificant trend toward increasing the response
amplitude from Before values (p=0.097 BF = 0.925 Cl = -0.069 to 0.361); at After[2], this
difference was significant (p = 0.047 BF = 0.561 CI = -0.026 to 0.283). For 4-millisecond
asynchrony, there was a decreasing amplitude pattern from Before to After (After[1] p=
0.107 BF = 1.007 CI = -0.290 to 0.046; After[2] p=0.018 BF = 0.276 Cl = -0.221 to
0.003). As predicted, for asynchrony of 9 milliseconds, there were no significant changes or
trends (After[1] p=0.698 BF = 2.587 ClI = —0.339 to 0.255; After[2] p= 0.207 BF =1.469
Cl =-0.407 to 0.120). Therefore, the Bayesian results followed the conventional statistical
results.

TMS—-EEG Results for the Control Experiments

Figure 5 shows results from the control experiment for directionality from the left
hemisphere (spTMS to the right hemisphere). All three asynchrony conditions showed
some deflections in the expected time window. For the 5- to 20-millisecond AUC response
amplitudes, none of the effects were significant (asynchrony df = 25.83, F = 1.15,
significance = 0.29; time df = 37.64, F = 0.27, significance = 0.61; interaction asynchrony *
time df = 25.3, F = 0.34, significance = 0.56). Therefore, in the left M1, as predicted, there
were no differences between asynchronies, which is inconsistent with STDP mechanisms
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and consistent with the hypotheses for left M1. Supplementary Data Figure S3 shows the
corresponding whisker plots.

Supplementary Data Figure S4 shows the AUC results from the control experiment

for spatial specificity (right pars triangularis). Similarly to the control experiment for
directionality, the amplitudes appeared to increase briefly at After[1], regardless of
asynchrony, and then decreased at After[2]. For the LMM analysis, none of the effects

was significant (asynchrony df = 25.49, F = 0.01, significance = 0.92; time df = 33.92, F

= 3.16, significance = 0.08; asynchrony * time df = 26.52, F = 1.21, significance = 0.28).
Supplementary Data Figure S5 shows the MEPs, suggesting that rMT was exceeded during
SpTMS.

DISCUSSION

ccPAS mechanisms in humans have thus far mainly been inferred from paired associative
stimulation (PAS) studies that couple TMS of M1 with peripheral nerve stimulation
(PNS).”3-75 PAS likely relies on STDP because the asynchrony between TMS and

PNS, adjusted by conduction delays, determines whether the MEPs are increased or
decreased.33.73.75 Furthermore, blocking NMDA receptors prevents such MEP changes.”
However, a recent PAS study in rodents that parametrically varied the stimulation parameters
failed to observe any effects.”® PAS effects in humans have varied strongly between
subjects,””=79 and some placebo-controlled PAS studies in patients with stroke found

no difference between PAS and sham.89-81 Moreover, a recent study suggested that low-
frequency spTMS alone, when given at a strong intensity (such as during the test phase of
PAS/ccPAS protocols), could be responsible for previously reported effects.82 The results in
this study suggest that ccPAS effects in humans are likely mediated by STDP. This facilitates
choosing optimal asynchronies in future research and clinical ccPAS protocols.

Previous ccPAS-EEG studies have introduced the use of EEG to assess ccPAS effects.83-85
However, they have relied on sensor-level TMS-evoked potential (TEP) analyses that
cannot accurately localize the cortical modulation sites;6 these studies were also limited
to latencies = 11 milliseconds owing to TMS-EEG artifacts. The presently reported
source-space ccEPs peaking at 5 to 10 milliseconds (Figs. 4 and 5) overlap with the

early latency windows that most previous studies have avoided because of the TMS-EEG
artifacts that are strongest during each ~0.2-millisecond TMS pulse and thereafter decay
over several milliseconds. To increase the possibility of observing neuronal activity at
such early latencies, we reduced the duration of TMS artifacts by carefully optimizing
recording techniques, including orienting each EEG lead for minimal induction from the
TMS coil (Materials and Methods for details). Furthermore, we reduced the spatial spread
of the artifact by choosing the ccPAS target/readout area in the hemisphere contralateral
from where spTMS was delivered in an area with relatively little scalp muscle. We also
used EEG source analysis, which acts as a spatial filter that suppresses artifacts more
effectively than do sensor-level TEP signals that have a wider point-spread function.86:87
At the same time, we cannot exclude the possibility that some TMS pulse artifact may
have leaked into our time window of interest, generating a superposition of an artifact

and neuronally driven responses. However, the artifact should be relatively constant, which
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is useful. On the basis of the results, it appears that the signals picked up a sufficient
amount of neuronal activity because the modulations followed STDP, which is a neuronal
property. Finally, the responses, showing evoked-response—type deflections in five of six
conditions (Figs. 4 and 5), appeared in the exact time window where they should be, based
on results from bifocal TMS interhemispheric inhibition29-30 and tractography?®® studies
suggesting that the M1-M1 transcallosal conduction delay in the human brain is 5 to 10
milliseconds. Therefore, multiple results lined up in a way that supports a neuronal original
of the ccEPs; conversely, if the ccEP differences were contaminated by artifacts, it would be
highly unlikely to observe a set of results that aligns this well with the a priori hypotheses.
These results open the possibility of capturing early latencies to quantify connectivity at
physiologically relevant timescales. The findings also illustrate the potential of using EEG
source localization techniques to probe population-level synaptic modulations at the desired
cortical locations.

The control experiment for directionality showed that, as predicted, effects consistent with
STDP mechanisms were not observed in left M1. Somewhat surprisingly, the amplitudes
appeared to increase in the left M1 after ccPAS. This was unexpected because both the
spTMS and ccPAS protocols delivered the TMS pulses at 5-second intervals, which should
be too slow to result in persistent (non-STDP) changes in neuronal excitability.32 However,
these changes were similar regardless of asynchrony, possibly reflecting non-STDP effects
from spTMS delivered during the ccEP recordings that has recently been suggested to result
in short-term modulations.82 Therefore, in terms of STDP, the effects were unidirectional
(for A — B but not for B — A). Previous ccPAS—-EEG studies83-8° have instead reversed
the direction of ccPAS modulation (separately for A — B and B — A with positive
asynchronies only), which tests a different phenomenon.

Unifocal (one-coil) repetitive TMS (rTMS) and theta burst stimulation (TBS) have been
widely used for research and clinical purposes. They result in network-level excitability
and functional connectivity changes that include the directly stimulated “primary” area and
any connectivity-based “secondary” regions throughout the brain.8% However, functional
MRI studies have suggested that connectivity may be decreased for some connections

and increased for others, and the changes seem to spread beyond the intended network.9°
Moreover, frequency dependence of rTMS/TBS effects on primary areas (increased vs
decreased excitability) and interregional connectivity may vary across brain regions.91-93
Thus, adjusting network connectivity with unifocal TMS is difficult because there is little
control over where the connectivity changes occur and whether any specific connection

is up- or downregulated. ccPAS is more selective than such unifocal TMS protocols
because connectivity is adjusted between the two stimulated regions, and the asynchrony
should allow increasing vs decreasing connectivity. Furthermore, ccPAS modulates effective
(unidirectional) connectivity, whereas the directionality of unifocal TMS protocols is not
clear because it is typically examined with measures that reflect functional (bidirectional)
connectivity. On the basis of the present results and previous literature, it also appears that
PAS/ccPAS effects may be more long-lasting than those of unifocal protocols,’3-7:83.84.94
which would be useful for therapeutic purposes.
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Limitations of the study include a relatively small number of subjects, which was mainly
driven by the strict data quality criteria required to capture early response components.

To observe short-latency components, we used stricter criteria in this study than in many
previous studies. To attempt to balance out the relatively small number of subjects, we
included several experimental conditions and control experiments that, together with the
strong statistical results, allow making conclusions that a larger sample size with a simpler
design could not. In addition, we delivered spTMS at an intensity of 100% rMT, which may
have not been sufficient to induce strong transcallosal responses in some participants and/or
conditions; it is of note, however, that increasing the intensity also strengthens the spTMS-
evoked artifacts.*”48 We also analyzed the data with both conventional nonparametric
statistics and Bayesian tests that are less sensitive to sample size limitations,58 and the
results were very similar. More TMS-EEG technologic innovations and studies are needed
to increase the reliability of observing short-latency ccEPs.

CONCLUSIONS

ccPAS selectively up- or downregulated effective connectivity between the stimulated areas.
The effects were consistent with STDP mechanisms because they were temporally selective
(ie, depending on the order of pre- vs postsynaptic activations, which was parametrically
varied with the asynchrony values), were unidirectional, and seemed to be spatially selective
to the modulated connection. The data also suggest that short-latency ccEPs starting as

early as 5 milliseconds might be useful to detect ccPAS effects. These findings clarify the
mechanisms of ccPAS in humans, pave the way to determining optimal asynchronies in such
experiments, and open new venues for targeted modulation of cortico-cortical connectivity
for research and clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Model of ccPAS and STDP. (Left) ccPAS can be delivered by stimulating two cortical areas,

A and B, that are axonally connected (here, left and right M1, coronal slice with MRI
tractography) with bifocal TMS. To induce STDP in area B, areas A and B are stimulated at
slightly different times (“asynchrony”). Note that the axons are long-range, which results in
an axonal conduction delay from area A to B (here, 9 milliseconds) that must be considered
when selecting the asynchrony. (Right) During ccPAS, to induce STDP in the target synapse
in area B, TMS pulses are delivered at three different asynchronies on separate days. The
target synapse is shown with the presynaptic component (axon terminal) for a neuron
originating in area A and the postsynaptic component (dendrite) for a neuron in area B;

the black arrowheads indicate the direction of effective connectivity being considered in the
main experiment analysis, and the red color indicates which side of the synapse is activated
first. When the asynchrony is slightly longer than the conduction delay (top), presynaptic
activations occur before presynaptic, leading to strengthening of the target synapse, which
results in increased effective connectivity A — B. If the asynchrony equals the conduction
delay (middle), both sides of the synapse are activated simultaneously, and there is no STDP.
When the asynchrony is shorter than the conduction delay (bottom), synaptic efficacy at

the target synapse decreases, which results in weaker effective connectivity A — B. Note
that the transcallosal connections between A and B are reciprocal; here, we only illustrate
the direction from A — B. Supplementary Data Figure S1 shows the pre- to postsynaptic
timings in area A for the opposite B — A direction for the same ccPAS protocol (control
experiment for directionality). LTD, long-term depression; LTP, long-term potentiation.
[Color figure can be viewed at www.neuromodulationjournal.org]

Neuromodulation. Author manuscript; available in PMC 2024 June 01.

STDP
direction of
modulation

LTP

None

LTD


http://www.neuromodulationjournal.org

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hernandez-Pavon et al. Page 20

Before
After[1]

After[2

spTMS-evoked
source-space EEG

180 ccPAS S e
pulses sp -evoke
L source-space EEG spTMS-evoked
source-space EEG

Figure2.
Experimental design. To assess strengths of the target synapses before (Before) in addition

to 10 minutes (After[1]) and 60 minutes (After [2]) after ccPAS, spTMS was delivered to the
left M1 while extracting ccEPs from the right M1 (main experiment). In additional runs (not
shown), spTMS was delivered to the right M1 while extracting ccEPs from the left M1 at
the Before/After[1] / After[2] time points (control experiment for directionality). The ccPAS
modulation consisted of delivering 180 TMS pulse pairs at a rate of 0.2 Hz, when the first
pulse was delivered to the left M1 and the second pulse to the right M1, with asynchronies
of 14 milliseconds, 9 milliseconds, or 4 milliseconds, on separate visits. Spatial extent of the
TMS activations was estimated from the TMS-induced E-fields (red) that were also used for
extracting the ccEPs from the right M1 (main experiment) and left M1 (control experiment
for directionality). [Color figure can be viewed at www.neuromodulationjournal.org]
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Figure 3.
MRI tractography results. These group-level results (A= 7) were recorded on a Siemens

Prisma and a 64-channel receiver array using a simultaneous multislice sequence with 257
directions and a grid-sampling scheme with 22 different nonzero 6 values ranging between
150 and 4000. The left and right M1 (red), extracted from the TMS E-fields, were here
used as seeds for probabilistic tractography (left M1 as seed, right M1 as waypoint mask).
The tractography result (yellow) is consistent with a major transcallosal axonal bundle
connecting the left and right M1. Coronal slice at the M1 level, posterior view (anatomical
left on left). [Color figure can be viewed at www.neuromodulationjournal.org]
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Main experiment: ccEP time courses extracted from right M1. These group-level responses
were recorded in the runs in which spTMS was delivered to the left M1. (Left) The
group-level nonnormalized time courses for the 14-millisecond, 9-millisecond, and 4-
millisecond ccPAS asynchronies. After an initial TMS pulse artifact at approximately 0
to 4 milliseconds, there were well-defined evoked response components at approximately
5 to 10 milliseconds and longer-lasting deflections up to approximately 20 milliseconds,
here most clearly seen in the 14-millisecond asynchrony data. Therefore, for statistical
analysis, AUC values were extracted from the 5-to 20-millisecond time window for all
conditions. (Right) The corresponding results for 5-to 20-millisecond AUC values (mean
with SEM error bars). Consistent with STDP mechanisms, there were significant (< 0.05)
differences between the Asynchrony conditions (black vertical bars with stars) in addition
to changes from Before PAS to the After[1]/After[2] PAS time points for the 14- and
4-millisecond asynchronies (colored horizontal bars with stars), and the changes occurred
in the predicted directions. When comparing the time courses (three leftmost panels) with
the AUC results (rightmost panel), note that the group-level time courses were averaged
across subjects without normalization, whereas in the AUC analysis, the individual values
were normalized relative to each subject’s Before values. [Color figure can be viewed at
www.neuromodulationjournal.org]
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Figure5.
Control experiment for directionality: ccEPs extracted from left M1. These group-level

responses were recorded in the runs in which spTMS was delivered to the right M1. (Left)
The nonnormalized group-level time courses between the 14-millisecond, 9-millisecond,

and 4-millisecond ccPAS asynchronies. (Right) The corresponding AUC results for 5-to 20-
millisecond amplitude values (mean with SEM error bars, normalized relative to the Before
values). Although the response amplitudes increased from Before to After[1]/After[2], they
did so regardless of Asynchrony, which is not consistent with STDP mechanisms, suggesting
that, as predicted, the STDP effects were unidirectional. [Color figure can be viewed at
www.neuromodulationjournal.org]
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