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ABSTRACT

Purpose: Paired Associative Stimulation (PAS) is a non-invasive neuromodulation tool for inducing changes in
motor cortex excitability. However, its applicability is limited by substantial inter-individual variability and
inconsistent replicability. We tested whether an individualized PAS protocol (iPAS), in which the interstimulus
interval (ISI) is calibrated to each participant's peripheral-cortical conduction time, enhances the efficacy and
consistency of cortical plasticity induction compared to the conventional fixed-ISI protocol (PAS25, 25 ms.
Methods: In a randomized, single-blind, within-subject crossover study, 99 healthy participants each completed
one PAS25 and one iPAS session in counterbalanced order. Motor evoked potentials (MEP) were recorded at
baseline, and at 5-, 10-, and 20-minutes post-stimulation. The primary outcome was MEP amplitude modeled
across all timepoints using a linear mixed-effects model with raw MEP amplitudes as the dependent variable.
Results: Both protocols increased MEP amplitudes relative to baseline. The primary analysis revealed a significant
Condition x Timepoint interaction at 20 min (p = 0.018). Post hoc contrasts showed that iPAS produced
significantly greater MEP amplitudes than PAS25 at 5 min (ratio = 1.15, p = 0.023) and 20 min (ratio = 1.23,
p < 0.001), with a trend at 10 min (ratio = 1.12, p = 0.058).

Conclusions: By improving both the magnitude and reliability of motor cortex plasticity induction, and being
readily implementable with standard neurophysiological equipment, iPAS may serve as the preferred alternative
to conventional PAS, with potential applications in neurology, rehabilitation, and precision psychiatry.

Introduction

over the contralateral primary motor cortex (M1) result in changes in
motor evoked potential (MEP) amplitude (Carson & Kennedy, 2013;

Paired associative stimulation (PAS) is a non-invasive brain stimu-
lation technique capable of inducing in vivo, timing-dependent synaptic
plasticity in the motor cortex (Carson & Kennedy, 2013;
Muller-Dahlhaus et al., 2010; Stefan et al., 2000; Suppa et al., 2017). In
classical PAS protocols, repetitive pairings of peripheral nerve stimula-
tion (PNS) rapidly followed by transcranial magnetic stimulation (TMS)

Muller-Dahlhaus et al., 2010; Stefan et al., 2000; Suppa et al., 2017). The
directionality of these changes is critically dependent on calibrating the
interstimulus interval (ISI) between PNS and TMS (Kumpulainen et al.,
2012; Weise et al., 2013; Wolters et al., 2005).

The original PAS protocol, which used a 25 ms ISI (from now on
referred to as PAS25), has been shown to enhance corticospinal
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excitability in a subset of healthy individuals (Carson & Kennedy, 2013;
Stefan et al., 2000). While PAS applications have demonstrated
increasing therapeutic potential, particularly in rehabilitation of
neurological conditions such as stroke and spinal cord injury (Baroni
et al., 2024; Martino Cinnera et al., 2024; Rodionov et al., 2019; Rosso
etal., 2022; Shulga et al., 2025; Wahlgren et al., 2024), a major obstacle
in clinical adoption remains the considerable inter-individual variability
in its effects (Guerra et al., 2020). In line with findings from other
neuromodulation modalities (Ziemann & Siebner, 2015), several studies
reported a substantial proportion of participants who fail to achieve the
expected increase in MEP amplitude following PAS25 (Campana et al.,
2019; Hodzic et al., 2025; Lopez-Alonso et al., 2014; Muller-Dahlhaus
et al., 2008; Vestring et al., 2024), raising concerns about the robust-
ness and replicability of PAS-induced plasticity.

In the search for predictors of response, both biological and technical
sources of heterogeneity have been examined. Biological factors include
baseline cortical excitability, cortical thickness and connectivity, age,
circadian phase, sleep, and alertness/attention; whereas methodological
factors include stimulation intensity, number of paired stimuli, and
other protocol-specific characteristics (Conde et al., 2012; Corp et al.,
2021; Hodzic et al., 2025; Kamke et al., 2012; Kuhn et al., 2016; List
et al., 2013; Minkova et al., 2019; Muller-Dahlhaus et al., 2008; Sale
et al., 2007; Stefan et al., 2004). However, these potential determinants
of response variability were tested mainly in isolation and have not been
systematically replicated (Lopez-Alonso et al., 2014; Minkova et al.,
2019). Importantly, one plausible and potentially modifiable source of
variability is the use of a fixed interstimulus interval, which may fail to
account for inter-individual differences in peripheral to cortical con-
duction timing, possibly contributing directly to variability in PAS
efficacy.

To address this limitation, we previously introduced an individual-
ized PAS (iPAS) protocol in an exploratory, proof-of-concept study
(Campana et al., 2019), in which the ISI was adjusted for each partici-
pant based on individual peripheral-cortical conduction time. In that
work, we hypothesized and demonstrated that individualized ISI could
lead to a more reliable increase in corticospinal excitability by
improving the temporal contiguity of afferent stimuli. Nevertheless, the
small sample size (n = 21) limited generalizability and the effect did not
reach the significance threshold after correcting for multiple compari-
sons. Small sample sizes are typical in PAS studies (Guerra et al., 2020;
Wischnewski & Schutter, 2016), with statistical power and replicability
remaining significant concerns in the field. Replication studies are
therefore crucial to more reliably assess the robustness and replicability
of PAS-induced plasticity (Guerra et al., 2020).

To address these important issues, we sought to replicate and extend
our previous findings by directly comparing iPAS with the conventional
PAS25 protocol in a highly powered, single blind, within-subject
crossover design.

Methods
Study design

After collecting written informed consent, we enrolled psychiatri-
cally healthy adult volunteers between the age of 18 and 65. Exclusion
criteria were a current or past psychiatric illness assessed via the M.I.N.I
Interview (Sheehan et al., 1998), the presence of TMS contraindications
as listed in the work of Rossi et al. (Rossi et al., 2021), current pregnancy
as well as the presence of severe neurological and somatic comorbidities
assessed by an experienced psychiatrist. Participants were asked not to
change their caffeine consumption and their sport habits and to main-
tain regular sleeping patterns for at least 24 h prior to each session. The
local ethics committee of the Medical Faculty of Ludwig-Maximilians
University (LMU), Munich, Germany, approved the study protocol in
compliance with the Declaration of Helsinki.

After inclusion, each participant underwent a demographic
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interview, an assessment of the body-mass-index (BMI), their smoking
habits as well as a testing of hand preference using the Edinburgh
handedness inventory (Oldfield, 1971).

Following a within-subject design, each participant participated in
two experimental sessions, described below, at approximately the same
time of the day and separated by at least five days to prevent carry-over
effects, with the order of conditions randomized via a computer-
generated 1:1 allocation list to ensure counterbalancing. Subjects were
blinded to the condition they were receiving. All sessions were con-
ducted by the same experimenter (S.G.).

Stimulation Protocols

Both stimulation protocols involved paired associative stimulation.
One protocol, PAS25, employed a fixed ISI of 25 ms, which is the
standard and most widely used PAS protocol to date (Stefan et al., 2000).
In the iPAS condition, ISI was individually determined as described in
our previous publication (Campana et al, 2019). In summary,
peripheral-to-cortical conduction time was estimated by subtracting the
mean latency of 10 M-waves elicited by ulnar nerve stimulation from the
mean latency of 10 TMS-evoked MEPs recorded after stimulation of the
cortical representation of the right first dorsal interosseous muscle (FDI)
in the left primary motor cortex. The resulting value was then increased
by 6 ms to account for the estimated cortico-cortical conduction delay
between the primary somatosensory cortex (S1) and M1, in accordance
with previous work (Campana et al., 2019; Kennedy & Carson, 2008;
Wolters et al., 2003). Both sessions entailed the same number of TMS
measurements and were similar in length. Across all participants,
stimulation was delivered over the left M1 to evoke responses in the
right FDI, irrespective of hand dominance.

Consistent with our past work (Campana et al., 2019), we conducted
surface electromyography (EMG) recordings on the right FDI. Raw EMG
signals were amplified and bandpass-filtered (2 Hz-3 kHz) using the
Digitimer D-360 amplifier setup (Digitimer Ltd, UK). We digitized re-
cordings at 5 kHz using a 1401 data acquisition interface (Cambridge
Electronic Design Ltd., Cambridge UK) controlled by Signal Software
(Version 5, Cambridge Electronic design, Cambridge UK). MEPs were
induced applying TMS to the left primary motor cortex (M1) using a flat
figure-of-eight magnetic coil (outer diameter 70 mm) connected to a
Magstim Bistim2 stimulator (the Magstim Company Ltd, UK). The coil
was positioned above the left M1 and held tangentially to the skull at a
45° angle with the midline achieving a posterior-anterior current flow.
Applying suprathreshold stimulation intensities, the motor “hot-spot” of
the right FDI was identified and marked on the scalp using a felt tip pen
to ensure replicable coil positioning throughout the experiments. We
obtained resting motor threshold (RMT) recording the minimum stim-
ulator intensity that resulted in an MEP amplitude of > 50 pV in at least
five of ten measurements (Rothwell et al., 1999). The stimulation in-
tensity resulting in average peak-to-peak MEP amplitudes of
1.0 £ 0.3 mV (SI-1mV) was measured at each session’s baseline and kept
unmodified for the duration of the experiment. 30 single pulse MEP
measurements with S1 mV intensity were conducted at baseline as well
as 5 min, 10 min, and 20 min after PAS.

We applied PNS through a bipolar electrode (cathode proximal) to
the ulnar nerve of the right hand using a CE-certified DS7A peripheral
nerve stimulator (Digitimer Ltd, UK). Square wave pulses were applied
for 1 ms duration and stimulation intensity were set at 300% of the
individual perceptual threshold (Carson & Kennedy, 2013). To retain a
consistent level of attention to improve the stability and the extent of
PAS after-effects (Stefan et al., 2004), participants were instructed to
stay alert, watch their right hand, silently count the number of TMS
stimuli and to report this cumulative number to the examiner upon
completion of PAS stimulation. While the true number of stimuli
delivered was always 180, participants were falsely informed that the
cumulative number was different for each of the two experimental
conditions. No positive or negative feedback was supplied when the
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cumulative number was reported, which was used as an approximate
measure for sustained levels of attention (Campana et al., 2019; Stefan
et al., 2000, 2004). To reduce anticipation of the stimulus pairs and its
potential influence on MEP responses, both PAS paradigms used a 10%
jitter between each stimulus pair.

Statistical analyses

Statistical analyses were conducted in R (version 4.4.3). Prior to
hypothesis testing, all data were screened for missing values. MEP
measurements were visually inspected prior to averaging. Trials were
excluded when pre-stimulus EMG activity indicative of muscular
contraction was identifiable in the epoch preceding the TMS pulse. No
trials were removed on the basis of MEP amplitude cut-offs. Participants
were excluded from analysis if they completed only one experimental
condition. All tests were two-tailed, and statistical significance was set at
p < 0.05.

Descriptive statistics were calculated for demographic, physiolog-
ical, and stimulation-related variables. Normality was assessed using the
Shapiro-Wilk test. Differences in baseline characteristics between
stimulation conditions and between responder groups were evaluated
using independent samples t-tests or Wilcoxon rank-sum tests for
continuous variables, and Chi-square or Fisher’s exact tests for cate-
gorical variables, as appropriate.

MEPs served as the primary outcome measure of cortical excitability.
For each time point, MEP amplitudes were averaged across 30 pulses.
The primary linear mixed-effects model (LMM) was fitted using the Imer
O function from the lme4 package in R, with repeated MEP amplitudes
across Baseline, 5 min, 10 min, and 20 min as the dependent variable.
LMM was chosen for its flexibility in handling the covariance structure
among MEP repeated measures across time points without the restrictive
sphericity assumption of a classical ANOVA. Moreover, LMM allows the
explicit modeling of inter-individual variability in the treatment
response through the inclusion of random slopes. A natural log trans-
formation (In(MEP)) was applied to the dependent variable to better
meet model assumptions of normality and homoscedasticity of residuals.
Fixed effects included Condition (PAS25 vs. iPAS), Timepoint (Baseline,
5 min, 10 min, 20 min), and their interaction. Covariates were included
to account for between-subject differences in overall MEP responsive-
ness and included age, sex, BMI, smoking status and RMT. Subject-level
variability was modeled with random intercepts and random slopes for
Condition to account for the repeated-measures crossover design. Model
estimation was performed via restricted maximum likelihood (REML).
Model assumptions were assessed by visual inspection of residuals, Q-Q
plots, and residual-vs-fitted scatterplots (Supplemental Figure S1). A
sensitivity analysis using the same model structure on untransformed
MEP amplitudes was additionally performed and is reported in the
Supplementary Material.

Post hoc pairwise comparisons were conducted on estimated mar-
ginal means (EMMs) using the emmeans package. EMMs were computed
on the log scale and back-transformed to the original scale, yielding
geometric mean MEPs and contrast ratios. Pairwise comparisons were
corrected using Tukey’s method. Within-condition contrasts assessed
temporal changes relative to baseline, whereas between-condition con-
trasts compared PAS25 and iPAS at each time point. Baseline-referenced
ratios were not used as the dependent variable in the primary LMM, but
only for post hoc interpretation and descriptive/exploratory analyses.

As an exploratory analysis, we examined whether the absolute de-
viation of the individualized ISI from the conventional 25-ms interval
predicted the hypothesized relative benefit of iPAS over PAS25. To this
end, we fitted a linear regression model with the between-condition
difference in 20-min post-stimulation MEP amplitude (iPAS minus
PAS25) as the dependent variable and the absolute deviation of the
individualized ISI from 25 ms as the predictor.

Responder analysis was performed as a secondary exploratory
analysis using the grand-average approach. Participants were
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categorized as responders if their average post-stimulation MEPs
amplitude (mean of all post-intervention time points) was > 120% that
of baseline in accordance to our previous study (Campana et al., 2019).
Responder proportions were compared between PAS25 and iPAS con-
ditions using Chi-square tests. Exploratory comparisons of demographic
and stimulation parameters between responders and non-responders
were performed using appropriate parametric or non-parametric
methods. To examine potential predictors of PAS response using
baseline-referenced grand-average as a continuous outcome, we addi-
tionally fitted exploratory linear models separately for PAS25 and iPAS,
with age, sex, BMI, RMT, and smoking status as predictors. All explor-
atory analyses are reported in the Supplementary Material.

A priori power analysis was conducted using G*Power (version
3.1.9.7) to determine the minimum required sample size for detecting an
interaction effect in a 2 x 4 (condition X time) repeated-measures
ANOVA with within-between factors. The analysis was based on an
alpha level of 0.05, a desired statistical power of 0.90, a small-to-
moderate effect size (f = 0.15) and a correlation among repeated mea-
sures of 0.5. The analysis indicated that a minimum of 82 participants
would be required to detect a statistically significant interaction effect
under these assumptions. Estimating a dropout rate of 15% we aimed at
recruiting over 97 participants. A LMM was ultimately chosen over an
ANOVA for its statistical advantages. The targeted sample size provides
comparable statistical power for either model, as this study features a
balanced design with no missing data.

Results
Participant Characteristics and Baseline Comparisons

A total of n = 102 participants were enrolled in the study. One
participant withdrew after experiencing nausea during the baseline
measurements of the first session. Another participant was excluded due
to the inability to evoke MEPs at baseline. Finally, one participant
withdrew after completing the first session due to personal reasons,
adverse events and tolerability issues were denied. Thus, a total of
n = 99 participants (71 female; mean age = 27.23 + 7.33 years)
completed both stimulation sessions and were included in the analysis.
The majority were right-handed (n = 91) and non-smokers (n = 68).
Mean individualized ISI for the iPAS condition was 24.60 + 1.71 ms
(range: 19.30-28.80 ms). For a visualization of the ISI distribution for
the iPAS condition please refer to Figure S3.

Neurophysiological and stimulation parameters at baseline did not
differ significantly between PAS25 and iPAS conditions. No group dif-
ferences were observed for RMT, SI-1mV, baseline MEP amplitude, PAS
intensity or for number of paired stimuli counted by the subject (all

Table 1

Comparisons of baseline excitability and PAS parameters, presented separately
for both PAS25 and iPAS conditions. Values reported as mean + standard
deviation.

Conditions Statistics
PAS25 iPAS Wilcoxon p-
rank-sum value
test
Resting 34.99 +£7.97 35.31 +7.60 W =5069.5 0.676
motor
threshold
(%)
SI-1mV (%) 43.42 £9.39 44.06 + 9.27 W =5118.0 0.590
Baseline MEP 1.03 + 0.17 1.05 + 0.18 W = 5411.5 0.205
amplitude
(mV)
PAS intensity 8.75 + 3.86 9.41 + 3.84 W = 5583.5 0.089
(mA)
Stimulus 177.73 £11.62  177.77 + 12.82 W =5099.5 0.612
count
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p > 0.089). For further results, please refer to Table 1.
Effects of PAS25 and iPAS on Corticospinal Excitability

Results from LMM analysis showed no main effect of Condition
(p = 0.661), with none of the covariates reaching statistical significance
(all p > 0.121). Fixed-effect estimates indicated that MEP amplitudes
were significantly higher at 10 min and 20 min relative to Baseline (both
p < 0.0001), but not at 5 min (p = 0.662). In addition, the model showed
a significant Condition x Timepoint interaction at 20 min (p = 0.018),
indicating differential temporal profiles of excitability modulation be-
tween PAS25 and iPAS. A sensitivity analysis using the same model
structure on untransformed MEP amplitudes yielded a comparable
overall pattern of results. Detailed model outputs are provided in the
Supplementary Material.

Post hoc EMM pairwise comparisons, back-transformed from the log
scale, showed that in the PAS25 condition, geometric mean MEPs were
significantly increased relative to Baseline at 10 min (ratio = 1.232,
p < 0.001) and 20 min (ratio = 1.339, p < 0.0001), but not at 5 min
(ratio = 0.977, p = 0.662). Similarly, in the iPAS condition, geometric
mean MEPs were significantly increased relative to Baseline at 10 min
(ratio = 1.346, p < 0.0001) and 20 min (ratio = 1.600, p < 0.0001), but
not at 5 min (ratio = 1.093, p = 0.094).

Between-condition contrasts showed that MEP amplitudes were
significantly greater following iPAS than PAS25 at 5 min (ratio = 1.15,
p = 0.023) and 20 min (ratio = 1.23, p < 0.001). A statistical trend was
observed at 10 min (ratio = 1.12, p = 0.058), while no difference was
found at baseline (ratio = 1.03, p = 0.661). For a graphical represen-
tation, please see Fig. 1. For detailed EMMs outputs please refer to
Table S1.

In the exploratory linear regression, the absolute deviation of the
individualized ISI for the iPAS condition from 25 ms was not signifi-
cantly associated with the between-condition difference in 20-min MEP
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amplitude (iPAS minus PAS25) (f = —0.091, SE = 0.089, p = 0.307, R?
=0.011).

In a secondary exploratory analysis, iPAS yielded a significantly
higher responder rate than PAS25 (65.7% vs. 50.5%, p = 0.044). The
distribution of percentage MEP change relative to baseline following
iPAS, shown in Fig. 2, further revealed an increased proportion of re-
sponders and an amplified response magnitude in those who did
respond, as the density curve is right-shifted and seems to be indicative
of a heterogeneous distribution pattern. More detailed exploratory an-
alyses of responder-related demographic and stimulation parameters are
reported in the Supplementary Material.

Discussion

This study provides robust evidence that an individualized PAS
protocol, in which ISIs are tailored to individual conduction latencies,
induces greater increases in corticospinal excitability and a reduced
variability of response than the conventional PAS25 protocol. Concep-
tually, this finding suggests that one important source of variability in
PAS is the fixed interstimulus interval. By accounting for inter-
individual differences in afferent conduction timing, iPAS likely re-
duces temporal mismatch between peripheral input and cortical stim-
ulation, thereby increasing the probability of inducing facilitatory
plasticity or enhancing the magnitude of the effect thereof. Importantly,
we replicated our previous findings in a larger, independent sample. To
our knowledge, this study employs the largest sample size to date in PAS
research, thus lending substantial evidence for the replicability and ef-
ficacy of the iPAS protocol in inducing cortical plasticity in M1. Given
the considerable inter-individual variability historically reported with
PAS (Lopez-Alonso et al., 2014; Muller-Dahlhaus et al., 2008), the
improved response rate and efficacy observed with iPAS mark a meth-
odological advancement in the field of in vivo neuromodulation. An
improved reliability may enhance the interpretability of future

Mean MEP values over time

MEP amplitude (mV)
a

N

Baseline 5 min

Timepoint

Condition

- PAS25
- IPAS

20 min

10 min

Fig. 1. Time course of motor evoked potential (MEP) amplitudes following PAS25 and iPAS stimulation. Back-transformed estimated marginal means (geometric
mean MEP amplitudes + SEM) from the primary linear mixed-effects model are shown at Baseline and 5, 10, and 20 min after stimulation for PAS25 (blue) and iPAS

(orange). Asterisks indicate significant between-condition post hoc contrasts at the corresponding time points (*p < 0.05, ***p < 0.001); the hash symbol (#) in-

dicates a statistical trend (p = 0.058).
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Distribution of MEP change after PAS25 and iPAS

Condition [] PAs25 [[] ipAs

Number of participants
E [}

N

-200
0.0075
=
£ 0.0050
[
o
0.0025
0.0000
-200

0 200
MEP change in % relative to baseline

Fig. 2. Exploratory distribution of MEP percentage change after PAS25 and iPAS. Histograms (top panel) and density curves (bottom panel) show the distribution of
percentage change in MEP amplitude ((Post — Pre) / Pre x 100) relative to baseline for PAS25 (blue) and iPAS (orange). The dashed vertical line at 20% marks the

responder threshold.

mechanistic or interventional studies by reducing variability and
limiting the proportion of participants who fail to show any facilitatory
response.

These results provide compelling evidence that individualized tem-
poral parameters can optimize motor cortex plasticity induction in
healthy subjects. The greater efficacy of iPAS supports the spike-
timing-dependent plasticity (STDP) framework, in which associative
plasticity is dependent on the synchronicity between presynaptic and
postsynaptic activation (Andrade-Talavera et al., 2023; Dan & Poo,
2004; Suppa et al., 2017; Wolters et al., 2005). Interestingly, the abso-
lute deviation of the individualized ISI from 25 ms did not predict the
relative benefit of iPAS over PAS25, suggesting that the superiority of
iPAS is unlikely to reflect a graded, dose-dependent relationship be-
tween the magnitude of ISI correction and plasticity gain. A possible
interpretation is that PAS efficacy follows a threshold-like relationship
with temporal precision, whereby individualization of the ISI, irre-
spective of its exact deviation from the conventional interval, increases
the probability of achieving sufficient temporal contiguity between
afferent input and cortical stimulation to engage STDP-like mechanisms.
Accordingly, ISI individualization should be understood as a probabi-
listic improvement in conditions favorable for plasticity induction,
rather than a precise correction of a measurable deficit. However, our
findings are exploratory and should be interpreted cautiously (for
graphical representation please see figure S2-S3).

In exploratory analyses using continuous and dichotomous PAS
outcome measures, we did not identify robust associations between
response magnitude and age, sex, BMI, smoking status, or RMT in either
condition. This null finding adds to a growing body of literature indi-
cating that response variability in PAS is unlikely to be explained by
static demographic or physiological traits alone (Minkova et al., 2019).
Instead, it may reflect dynamic neural states or momentary fluctuations
in cortical excitability and network synchrony, which are not addressed
in a classic open-loop stimulation (Karabanov et al., 2016; Ziemann &

Siebner, 2015).

We acknowledge several limitations in the interpretability of our
results. First, our individualized ISI estimates were based on well-
established electrophysiological principles; however, they remain indi-
rect proxies for the timing of monosynaptic afferent arrival at cortex and
do not account for other sources of individual variability in synaptic
integration or network dynamics, such as polysynaptic pathways (Davis
et al., 2022; Umeda et al., 2019). As we did not employ more advanced
applications such as concurrent EEG to directly assess impulse propa-
gation, mechanistic insight into the precise underpinnings of the
observed effects is limited. At the same time, this pragmatic approach
was chosen to maximize feasibility and clinical applicability, although
future studies should directly compare it with somatosensory evoked
potentials recordings that may provide a more precise estimate of
afferent cortical arrival timing. Second, because the present study was
conducted exclusively in healthy participants and assessed only
short-term physiological effects, future work will be required to deter-
mine whether the relative advantage of iPAS generalizes to patient
populations and translates into more durable or clinically meaningful
outcomes. We also did not measure the impact of variables such as
menstrual cycle (Campana et al., 2024; Hattemer et al., 2007) or neu-
roimaging markers (Minkova et al., 2019; Silbert et al., 2006). Third,
although iPAS yielded a higher responder rate than PAS25, this finding
should be interpreted cautiously because the > 120% threshold repre-
sents a pragmatic but inherently arbitrary dichotomization of a contin-
uous response distribution. Finally, although the correct coil position
was consistently visually inspected, we did not employ neuronavigation
and thus, we are not able to report on coil error data, as some variability
could have been due to shifts of the coil from the M1 “hotspot™.

Nevertheless, by replicating our previous findings in a large, well
powered sample, we provide strong evidence for the role of ISI indi-
vidualization in increasing plasticity of the motor cortex and reducing
response variability. These results support the implementation of iPAS
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as a methodologically improved alternative to the conventional PAS25.
This may be particularly relevant in clinical settings, where reducing
non-response and improving reliability are critical for trial design and
treatment optimization. By being readily implementable with standard
neurophysiological equipment, iPAS offers a more robust experimental
framework for probing and improving corticospinal excitability and may
prove useful in future stroke or spinal cord injury rehabilitation trials
(Baroni et al., 2024; Martino Cinnera et al., 2024; Rosso et al., 2022;
Shulga et al., 2025; Wahlgren et al., 2024). More broadly, the ability to
non-invasively and more reliably assess STDP-like plasticity may also
have important implications for psychiatry. Alterations in
plasticity-related processes have been implicated in
developmental, neurodegenerative, and psychiatric disorders (Brzosko
et al.,, 2019). A more reliable neurophysiological assay of such pro-
cesses could contribute to improved patient characterization and, in the
future, support response prediction in neurostimulation or pharmaco-
logical trials (Silverstein et al, 2019), thereby informing
neurophysiology-based stratification and precision medicine ap-
proaches in psychiatry.
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