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Abstract  

Interhemispheric inhibition and corticospinal excitability are widely used biomarkers of motor 

cortical function. Yet the normative physiological organization of these measures and their 

relationship to post-stroke dysfunction remain poorly understood. In this cross-sectional 

observational study, we analyzed bilateral resting motor threshold (rMT) and ipsilateral silent 

period (iSP) in a large, harmonized cohort of 142 healthy adults to determine whether healthy 

motor physiology is organized into physiological phenotypes. 

Standardized bilateral measures were analyzed using unsupervised clustering. Phenotype 

structure was further examined using multiple dimensionality-reduction approaches (PR-

Isomap, PCA, t-SNE, and UMAP), and supervised classifiers evaluated with repeated stratified 

5-fold cross-validation. An independent cohort of 30 individuals with stroke (mean age 65.0 ± 

12.8 years; range 40–85; 15 women, 15 men) was then evaluated relative to the fixed healthy-

derived reference space without model retraining; 14 participants with complete bilateral 

measures were eligible for primary four-dimensional projection. 

A three-phenotype solution was supported in the healthy cohort: High excitability (51/142), 

Weak IHI (52/142), and Low excitability (39/142). The phenotypes differed in all four 

physiological measures (all Kruskal–Wallis P < 0.0001) but not in rMT or iSP asymmetry, 

indicating bilateral physiological differences rather than systematic hemispheric imbalance. 

Phenotype membership was independent of age, sex, handedness, and musicianship. Phenotype 

separability was preserved across low-dimensional representations, with mean balanced 

classification accuracy of approximately 0.90–0.98. 

In the projectable stroke subgroup, phenotype distribution differed from that of healthy 

participants (Monte Carlo χ²(2) = 7.00, P = 0.027, Cramér V = 0.21), with High excitability 

observed in 10/14 stroke participants (71.4%) compared with 51/142 healthy participants 

(35.9%). High-excitability assignment was more frequent in stroke (odds ratio = 4.46, 95% 

confidence interval 1.33–14.95; Fisher’s exact P = 0.018). In contrast, nearest-centroid distance 

did not differ between stroke and healthy participants (median 1.54 versus 1.36; U = 1091, P 

= 0.550, Cliff’s δ = 0.10). High-excitability enrichment persisted in a sensitivity analysis 

including 17 stroke participants with at least three of four phenotype-defining measures (11/17, 

64.7%; Monte Carlo P = 0.043). 
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These findings demonstrate that healthy motor cortical physiology is organized into 

reproducible excitability–inhibition phenotypes derived through a multivariate, data-driven 

framework. Among stroke participants, the principal alteration was redistribution across 

healthy-derived phenotypes (particularly toward High excitability) rather than global 

displacement from the healthy phenotype space. Separating phenotype identity from the 

magnitude of physiological deviation provides a normative framework for interpreting 

individual post-stroke physiology and may support future biologically informed stratification 

and precision neuromodulation. 

 

Keywords: Corticospinal excitability; Interhemispheric inhibition; Physiological phenotypes; 

Stroke; Transcranial magnetic stimulation. 

 

Abbreviations: APB, abductor pollicis brevis; EMG, electromyographic; IHI, 

interhemispheric inhibition; iSP, ipsilateral silent period; iSP-D, interhemispheric difference in 

ipsilateral silent period; M1, primary motor cortex; MEP, motor-evoked potential; MSO, 

maximum stimulator output; rMT, resting motor threshold; rMT-D, interhemispheric 

difference in resting motor threshold; TMS, transcranial magnetic stimulation; OLS, ordinary 

least squares; PCA, principal component analysis; PR-Isomap, Parzen-window density 

isometric mapping; t-SNE, t-distributed stochastic neighbor embedding; UMAP, Uniform 

Manifold Approximation and Projection; LR, logistic regression; NB, Gaussian naïve Bayes; 

SVM, support vector machine; RF, random forest. HV, healthy volunteers 
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Introduction 

Interhemispheric interactions between the primary motor cortices (M1) constitute a 

fundamental organizing principle of the human motor system. Interhemispheric 

communication is mainly mediated by transcallosal projections, which are predominantly 

excitatory but can exert a net inhibitory influence on contralateral motor cortical output through 

local inhibitory circuits.1–4 This functional interaction, termed interhemispheric inhibition 

(IHI), can be assessed using transcranial magnetic stimulation (TMS).4–6 One approach to 

quantify IHI is the paired-pulse (dual-coil) paradigm, in which a conditioning stimulus 

delivered to one M1 suppresses the motor-evoked potential (MEP) elicited by a subsequent test 

stimulus applied to the contralateral M1.4,6 An alternative single-pulse paradigm is to assess 

IHI using the ipsilateral silent period (iSP). During voluntary contraction of a target muscle, a 

suprathreshold TMS pulse delivered to the ipsilateral M1 produces a transient suppression of 

muscle activity, providing a functional index of transcallosal inhibition. Together, the single-

pulse and paired-pulse paradigms are complementary methods for probing interhemispheric 

motor physiology, although both are sensitive to methodological factors (Hupfeld et al., 2020; 

Rossini et al., 2015).7,8 In contrast, some studies have used interhemispheric differences in 

resting motor threshold (rMT) as an indirect indicator of motor cortical asymmetry. However, 

rMT primarily reflects corticospinal excitability and does not directly quantify 

interhemispheric inhibition or connectivity. 

In clinical neuroscience, disruption of interhemispheric balance is frequently hypothesized to 

explain motor impairment after stroke. Excessive inhibitory drive from the intact to the 

lesioned hemisphere has been documented and interpreted as potentially limiting recovery 

within the interhemispheric competition models.9 These models have motivated 

neuromodulatory interventions aimed at reducing asymmetry, although their effectiveness 

appears to depend on patient-specific factors, including lesion characteristics and chronicity.10–

14 Yet, such clinical interpretations rest on an implicit assumption: that the healthy motor 

system is approximately symmetric. However, TMS measures exhibit substantial inter-

individual variability arising from physiological fluctuations and methodological factors. This 

raises the question of whether variability in corticospinal excitability and interhemispheric 

inhibition reflects identifiable patterns of motor cortical physiology, rather than variation 

around a single assumed pattern of interhemispheric balance. A multivariate characterization 
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of bilateral excitability and inhibition may therefore provide information that is not captured 

by hemispheric asymmetry or single physiological measures considered in isolation. 

Despite extensive use of IHI as both a biomarker and a target, fundamental normative questions 

remain unsettled, in part due to small sample sizes, heterogeneous protocols, and the known 

variability of TMS measures.7,15,16 Previous studies have characterized bilateral rMT and IHI 

and examined their associations with age, handedness, and motor training in healthy cohorts.15–

25 However, these studies have generally examined individual measures, group differences, or 

demographic associations rather than identifying integrated physiological phenotypes from 

combined bilateral excitability and inhibition measures. Recent studies have also introduced 

data-driven phenotyping, patient stratification, and normative-reference approaches in 

stroke,26–29 but these frameworks have not derived phenotypes from combined bilateral rMT 

and IHI in a healthy reference cohort. Moreover, stroke-related alterations in IHI remain 

heterogeneous across physiological measures and stages of recovery,30 highlighting the need 

for a normative reference framework against which pathological motor physiology can be 

interpreted. Consequently, a large, harmonized normative dataset is needed to define the 

physiological diversity of the healthy motor system and provide such a reference framework 

for interpreting pathological alterations after stroke. Applying multivariate, data-driven 

methods to such a dataset may reveal physiological structure that is obscured by conventional 

group-average or single-variable approaches. 

Against this background, we adopted a multivariate, data-driven machine-learning approach to 

characterize normative patterns of corticospinal excitability and IHI. Using a large, harmonized 

dataset of 142 neurologically healthy adults, we analyzed bilateral rMT and iSP, as an index of 

transcallosal inhibition, to identify latent physiological phenotypes without imposing a priori 

assumptions regarding hemispheric symmetry or asymmetry. Rather than focusing solely on 

average hemispheric differences, we investigated whether variability in healthy motor 

physiology is organized into reproducible phenotypes characterized by distinct combinations 

of corticospinal excitability and IHI. We further evaluated whether these phenotypes reflected 

bilateral physiological levels rather than hemispheric imbalance and whether their organization 

was preserved across complementary low-dimensional representations and classification 

approaches. 

To evaluate the translational relevance of this normative framework, we subsequently projected 

an independent cohort of individuals with stroke onto the fixed healthy-derived physiological 

space without retraining the phenotype model. This approach enabled us to determine how 



6 

 

stroke physiology was distributed across healthy-derived phenotypes and whether stroke 

participants showed greater physiological displacement from the corresponding healthy 

reference structure. By quantifying each stroke survivor’s distance to healthy phenotypic 

centroids, we further assessed the magnitude of individual physiological deviation 

independently of phenotype membership. Together, these analyses provide a data-driven 

normative physiological framework that separates phenotype identity from the magnitude of 

deviation and enables individual post-stroke physiology to be interpreted relative to the range 

of configurations observed in health. This framework may ultimately support physiologically 

informed patient stratification and individualized neuromodulation. 

Materials and methods  

Participants  

Part of the data has been published previously by our group.18,31–34 A total of 172 participants 

were included in the study, comprising 142 neurologically healthy adults (mean age = 27.35 ± 

7.99 years; range = 18–60 years; 72 males, 70 females) and 30 stroke survivors (mean age = 

65.0 ± 12.8 years; range = 40–85 years; 15 males, 15 females). All healthy participants were 

free of neurological or psychiatric disorders and reported no contraindications to TMS as 

screened by a TMS safety questionnaire.35,36 Handedness in the healthy cohort was assessed 

using the Edinburgh Handedness Inventory37 (range −100 to +100) and categorized as right-

handed (≥ +40; n = 112), mixed-handed (−40 < EHI < +40; n = 14), or left-handed (≤ −40; n = 

16). A subset of the healthy participants was classified as professional musicians (n = 73), 

whose data were derived from our previous studies examining the effects of musicianship on 

interhemispheric inhibition and hand dexterity.18,33 The remaining healthy participants were 

classified as non-musicians (n = 69). In the stroke cohort, lesions predominantly involved 

vascular territories supplied by the middle cerebral artery, with additional lesions involving 

pontine, medullary, thalamic, anterior choroidal, and internal carotid artery territories. The 

affected side was left in 10 participants and right in 20. Missing physiological measurements 

occurred when reliable responses could not be obtained, including absent ipsilesional MEPs or 

insufficient voluntary contraction of the paretic hand. Values of rMT coded as 100 in the source 

dataset denoted that resting motor threshold could not be determined and were therefore treated 

as unavailable rather than as measured threshold values. Of the 30 stroke participants, 14 had 



7 

 

complete bilateral rMT and iSP measurements and were eligible for the primary analysis. The 

remaining 16 participants were retained in the stroke cohort for characterization of data 

availability and projectability but were not used in the primary analysis. Detailed characteristics 

of this cohort have been reported previously.34 All procedures were approved by the 

Institutional Review Board of the SUNY Upstate Medical University (IRB protocol: 1674912) 

and were conducted in accordance with the Declaration of Helsinki. Written informed consent 

was obtained from all participants prior to their participation in the study. 

Experimental Design and TMS Measurements  

Single-pulse TMS was applied over the motor cortical representation of the abductor pollicis 

brevis (APB) muscle in each M1. In this cross-sectional observational study, the rMT and the 

iSP were measured and quantified bilaterally using an identical acquisition protocol across all 

participants. The rMT was defined as the lowest stimulation intensity that elicited a MEP with 

a peak-to-peak amplitude of at least 50 µV in at least 5 of 10 consecutive trials in the relaxed 

APB muscle. For the iSP assessment, participants performed approximately 50% of the 

maximum voluntary contraction of the target muscle while a single suprathreshold stimulus 

(130% rMT) was delivered over the ipsilateral M1. The magnitude of the iSP was quantified 

as the percentage suppression of electromyographic (EMG) activity relative to the pre-stimulus 

contraction level using an objective automated algorithm coded in MATLAB (The 

MathWorks, Inc., Natick, MA, USA). Detailed iSP acquisition and signal processing methods 

have been published previously.32 All TMS data were acquired by the same investigator 

(Y.L.K.) using identical stimulation procedures (all data were collected using devices from the 

same brands: TMS: Magstim Co., Whitland, UK; EMG: Motion Lab Systems Inc, Baton 

Rouge, LA, USA; data acquisition interface: Signal, Cambridge Electronic Design, Cambridge, 

UK) and processed using the same analysis pipeline, thereby minimizing methodological 

variability across participants and studies.  

In addition to these baseline single-pulse measures, a subset of 74 healthy participants 

underwent an extended paired-pulse protocol that quantified short- and long-interval IHI during 

left- and right-hand activation (at approximately 50% maximum muscle contraction, matched 

to the contraction level during iSP measurements). These measurements were used to examine 

the relationship between paired-pulse IHI and the interhemispheric differences observed in iSP 

and rMT. Interstimulus intervals (ISIs) of 10 and 40 ms were used to assess short- and long-

interval IHI, respectively.38,39 In this dual-coil paradigm (with one coil positioned over each 
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M1), the stimulation intensity required to elicit an approximately 1-mV MEP was used for both 

the conditioning stimulus (CS) and test stimulus (TS), with intensities determined separately 

for each hemisphere. Following delivery of the CS to the contralateral M1, the conditioned 

MEP amplitude elicited by the TS was normalized to the unconditioned baseline MEP 

amplitude recorded from the same muscle. IHI was then expressed as a percentage: IHI (%) = 

[1 − (conditioned MEP amplitude / unconditioned MEP amplitude)] × 100. Positive values 

indicated inhibition, whereas negative values indicated facilitation. The direction of IHI was 

defined from the hemisphere receiving the CS to the hemisphere receiving the TS (e.g., CS 

over the left M1 and TS over the right M1 represented left-to-right IHI). Given the distinct 

dual-coil stimulation paradigm, paired-pulse IHI measures were analyzed separately and 

excluded from subsequent multivariate analyses. All relevant information is available in the 

Supplementary Materials (section 1; Supplementary Fig. S1, Supplementary Table S1). 

 

Statistical Analysis, Unsupervised Models, and Classifications 

Distributions of rMT and iSP measures of the left hemisphere (rMT-L and iSP-L), right 

hemisphere (rMT-R and iSP-R), and difference between the right and left hemispheres (rMT-

D and iSP-D, calculated as right–left) were tested for normality (Lilliefors, histograms, and Q–

Q plots). Hemispheric differences were assessed using paired t-tests or Wilcoxon signed-rank 

tests as appropriate. The same procedures were applied to absolute asymmetry (|right–left|) and 

normalized asymmetry indices (AI = (right − left)/(right + left)). Subgroup effects on 

hemispheric asymmetry (right−left) were tested using unpaired t-tests or Mann–Whitney U 

tests (sex, musicianship) and ANOVA or Kruskal–Wallis tests (handedness). Associations with 

age were examined using Pearson’s r and Spearman’s ρ in the full healthy sample and a ≤40-

year subset (N = 135). Ordinary least squares (OLS) and robust regressions (as a sensitivity 

analysis to reduce the influence of outliers), with age, sex, handedness, and musicianship as 

predictors, were used to model rMT-D and iSP-D. 

Physiological phenotypes were identified by k-means clustering of the four standardized TMS 

variables (rMT-L, rMT-R, iSP-L, iSP-R). Candidate solutions from K = 2–8 were evaluated 

using complementary internal-validity and robustness criteria, including silhouette, Davies–

Bouldin and Calinski–Harabasz indices, Gap-statistic analysis, repeated subsampling stability, 

and a sensitivity analysis using bilateral mean rMT and iSP. The final three-cluster solution 
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was selected on the basis of the combined evidence across these criteria. Physiological 

characteristics of the resulting phenotypes were compared in the original measurement units 

using Kruskal–Wallis tests followed by Bonferroni-corrected pairwise Mann–Whitney U tests. 

Kruskal–Wallis effect sizes were estimated using η²H. 

Phenotype organization based on low-rank approximation was conducted using principal 

component analysis (PCA)40,41, Parzen-window density isometric mapping (PR-Isomap)42, t-

distributed stochastic neighbor embedding (t-SNE)43, and Uniform Manifold Approximation 

and Projection (UMAP).44 PR-Isomap was implemented using a k-nearest-neighbour graph 

followed by a Parzen-window density isometric mapping distance constraint. Candidate 

parameter combinations were evaluated for graph connectivity and embedding fidelity. The 

selected solution (k = 15, h = 1.979) yielded a single connected graph while retaining a sparse 

local neighbourhood structure (graph density = 0.129). Residual variance and reconstruction 

error for the two-dimensional embedding were 0.102 and 0.251, respectively. For t-SNE, the 

learning rate was set to auto, with 1000 iterations, perplexity = 30, and random seed = 42. For 

UMAP, 20 nearest neighbours were used with 400 epochs, min_dist = 0.1, Euclidean distance, 

and random seed = 42. All embeddings were generated with two components. To assess the 

separability of the identified phenotypes, supervised classification analyses were performed 

using four widely used algorithms: logistic regression (LR)45, Gaussian naïve Bayes (NB)46, 

support vector machines (SVM)47 with a radial basis function kernel, and random forest (RF)48 

classifiers. Classifier performance was evaluated using stratified 5-fold cross-validation (50 

permutations), and balanced accuracy was computed to account for unequal class sizes.  

Participants with stroke were projected into the four-dimensional standardized physiological 

space defined by the healthy cohort using the healthy cohort means and standard deviations for 

bilateral rMT and iSP. Healthy-derived phenotype centroids were kept fixed, and each stroke 

participant with complete measurements was assigned to the phenotype whose centroid had the 

smallest Euclidean distance in standardized feature space; clustering was not re-estimated in 

the stroke cohort. Physiological deviation from the normative phenotype structure was 

quantified as the Euclidean distance to the nearest healthy phenotype centroid. To provide an 

unbiased healthy reference distribution for this distance measure, distances in healthy 

participants were calculated using leave-one-out phenotype centroids. Distances between the 

projectable stroke subgroup and the healthy reference distribution were compared using the 

Mann–Whitney U test, with Cliff’s delta used as an effect-size measure. Phenotype 

distributions between healthy and stroke participants were compared using a fixed-margin 
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Monte Carlo chi-square test, with Cramér’s V as the corresponding effect size. A secondary 

binary analysis compared assignment to the High-excitability phenotype versus the other 

phenotypes using Fisher’s exact test and odds ratios with 95% confidence intervals. 

Exploratory stroke analyses assessed whether physiological deviation differed by affected side 

using the Mann–Whitney U test with Cliff’s delta and whether phenotype distribution differed 

by affected side using a fixed-margin Monte Carlo chi-square test. For visualization only, a 

two-component PCA model was fitted to the healthy standardized data, and stroke participants 

were transformed into this fixed healthy PCA space without refitting the model. 

All statistical analyses were conducted using MATLAB (version R2024a) and Python. All 

statistical tests were two-sided. 

Results  

Hemispheric Symmetry of Motor Cortex Excitability and 

Inhibition 

Across the healthy cohort (n = 142), rMTs were comparable between hemispheres (mean ± SD: 

rMT-L = 51.88 ± 10.82 % maximum stimulator output (MSO); rMT-R = 51.14 ± 9.50 %MSO). 

The mean hemispheric difference (rMT-D) was small (mean ± SD: −0.74 ± 7.36 %MSO) and 

was not statistically significant (paired t-test, P = 0.233), indicating no systematic bias toward 

either hemisphere. The iSP magnitudes were 46.29 ± 14.90% suppression for iSP-L and 43.99 

± 14.73% for iSP-R. The corresponding hemispheric difference (iSP-D) was −2.30 ± 14.45 

percentage EMG suppression and did not reach statistical significance (paired t-test, P = 0.060). 

Additional details are provided in Supplementary Figs. S2–S3. Overall, cortical excitability 

and IHI were symmetric on average, but there was a notable inter-individual variability. 

Age showed a small positive association with rMT-D (whole healthy cohort: Spearman ρ = 

0.202, P = 0.016; participants ≤40 years (N = 135): ρ = 0.194, P = 0.024) and no association 

with iSP-D (ρ = 0.080, P = 0.384) (see Fig. 1; Supplementary Fig. S4). Consistently, OLS and 

robust regression analyses again identified age as the only significant predictor of rMT-D 

(OLS: F = 5.46, P = 0.021; robust: β = 0.198, t = 2.53, P = 0.012), with no significant predictors 

for iSP-D (Supplementary Tables S2–S3). For rMT-D, no sex differences were observed (t-test 

P = 0.646, d = −0.08), and no effects of handedness (Kruskal–Wallis P = 0.937, ε² = 0.00) or 
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musicianship (Wilcoxon P = 0.075, Cliff’s δ = −0.17) were detected. Similarly, iSP-D showed 

no associations with sex (t-test P = 0.536, d = 0.10), handedness (ANOVA P = 0.997, η² = 

0.00), or musicianship (Wilcoxon P = 0.207, Cliff’s δ = 0.12). Thus, hemispheric asymmetry 

in rMT and iSP was not systematically explained by sex, handedness, or musicianship, while 

a modest age-related increase in rMT-D was observed and remained significant after 

adjustment for these covariates. 

Healthy volunteers exhibit distinct TMS phenotypes 

Clustering of standardized rMT and iSP measures in 142 healthy volunteers supported retention 

of a three-cluster solution (K=3). Although the two-cluster solution yielded a marginally higher 

silhouette coefficient than the three-cluster solution (0.270 vs 0.265), the three-cluster solution 

was supported by the standard Gap-statistic one-standard-error criterion, greater subsampling 

stability, improved Davies–Bouldin and Calinski–Harabasz indices relative to K = 2, and 

substantially stronger agreement with a sensitivity analysis based on bilateral mean rMT and 

iSP (Supplementary Figs. S5–S7 and Supplementary Tables S4–S8). The final three 

phenotypes comprised 51, 52, and 39 participants, respectively. Together, these 

complementary analyses supported a reproducible three-cluster partition. 

The three phenotypes differed markedly in both rMT and iSP. One phenotype (n = 51) was 

characterized by lower rMT (left 44.96% MSO, right 44.12% MSO) with moderate iSP (left 

54.71%, right 50.28%), consistent with increased corticospinal excitability. A second 

phenotype (n = 52) showed intermediate rMT values (left 49.29% MSO, right 50.48% MSO) 

but markedly reduced iSP values (left 32.41%, right 31.87%), indicating diminished IHI. The 

third phenotype (n = 39) exhibited substantially elevated rMT values bilaterally (left 64.38% 

MSO, right 61.21% MSO), while iSP values (left 53.80%, right 51.94%) were comparable to 

those of the high-excitability phenotype, indicating reduced corticospinal excitability 

(Supplementary Tables S9–S10). Based on the physiological feature that most clearly 

distinguished each group, the clusters were designated the high excitability phenotype, weak 

IHI phenotype, and low excitability phenotype, respectively (Fig. 2). These findings suggest 

that physiological variability in healthy individuals spans partially independent dimensions of 

corticospinal excitability and interhemispheric inhibitory processing.  

All four clustering variables differed significantly across phenotypes (all P < 0.0001), with 

large effect sizes (η² = 0.364–0.530), consistent with distinct physiological profiles across the 
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three groups (Supplementary Table S10; Fig. 3). Post-hoc analyses showed that bilateral rMT 

differed significantly between all three phenotypes, whereas iSP primarily distinguished the 

weak IHI phenotype, which exhibited significantly lower iSP than both the low-excitability 

and high-excitability phenotypes; iSP did not differ between the latter two phenotypes 

(Supplementary Table S11). Moreover, no significant differences in interhemispheric 

asymmetry (right minus left) were observed across phenotypes for either rMT (Kruskal–Wallis 

H(2) = 4.69, P = 0.096) or iSP (H(2) = 1.41, P = 0.494), indicating that the phenotypes differed 

primarily in overall levels of excitability and inhibition rather than hemispheric imbalance 

(Supplementary Table S12).  

Phenotype membership was not significantly associated with age, sex, handedness, or 

musicianship (all adjusted P ≥ 0.194). The handedness result was also unchanged in a 

permutation-based sensitivity analysis (P = 0.209) (Supplementary Table S13). This suggests 

that the identified phenotypes reflect intrinsic physiological variability rather than sample 

composition.  

Across all embeddings, participants formed visually distinguishable groups that broadly 

preserved the three healthy-derived phenotype labels. Supervised classification was used to 

quantify phenotype separability within each fixed two-dimensional representation. Balanced 

accuracy was highest for PCA (0.939–0.983 across classifiers) and remained high for PR-

Isomap (0.948–0.970) and UMAP (0.925–0.946), while t-SNE showed somewhat lower but 

still substantial performance (0.897–0.908) (Fig. 2 and Supplementary Table S14). These 

results support the stability and separability of the identified physiological phenotypes across 

complementary analytical approaches. 

 

Stroke physiology maps onto healthy-derived phenotypes 

Of the 30 stroke participants, 14 had complete bilateral rMT and iSP measurements and were 

therefore eligible for primary projection into the four-dimensional healthy physiological space. 

Projectability was associated with preservation of an ipsilesional MEP: all 14 projectable 

participants had a measurable ipsilesional MEP, whereas 7 of the 16 non-projectable 

participants did not (Fisher’s raw P = 0.007, Holm-adjusted P = 0.029; Supplementary Table 

S15). Projectability was not associated with age, sex, or lesion side. 
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Each projectable stroke participant was assigned to the nearest fixed healthy phenotype 

centroid without retraining the clustering model. The distribution of healthy-derived 

phenotypes differed between healthy participants and the projectable stroke subgroup (Monte 

Carlo 𝜒2(2) = 7.00, P = 0.027, Cramér’s V=0.21; Fig. 4A-B and Supplementary Tables S16–

S17). The High-excitability phenotype predominated after stroke, accounting for 10 of 14 

participants (71.4%), compared with 51 of 142 healthy participants (35.9%). Three stroke 

participants (21.4%) were assigned to the Weak-IHI phenotype and one (7.1%) to the Low-

excitability phenotype, compared with 36.6% and 27.5%, respectively, in the healthy cohort 

(Supplementary Table S18). In a secondary binary analysis, projectable stroke participants had 

greater odds of assignment to the High-excitability phenotype than healthy participants (odds 

ratio = 4.46, 95% CI 1.33–14.95; Fisher’s exact P = 0.018). Projection of individual stroke 

participants into the healthy PCA representation illustrates that stroke observations largely 

overlapped the regions occupied by the healthy-derived phenotypes, despite the shift in 

phenotype frequencies (Fig. 4A).  

In a sensitivity analysis including stroke participants with at least three of the four phenotype-

defining measures and using only observed standardized dimensions, 17 participants could be 

classified. The phenotype distribution remained shifted toward the High-excitability phenotype 

(11/17, 64.7%; Monte Carlo P=0.043), and the secondary High-excitability-versus-other 

comparison remained significant (odds ratio = 3.27, 95% CI 1.14–9.37; P=0.033) 

(Supplementary Table S19). 

Stroke is associated with phenotype redistribution  

Physiological deviation was quantified as distance to the nearest healthy phenotype centroid 

and compared with a healthy leave-one-out reference distribution. Nearest-centroid distance 

did not differ between projectable stroke and healthy participants (median 1.54 vs. 1.36; Mann–

Whitney U=1091, P=0.550, Cliff’s 
 = 0.10; Fig. 4C). Only 1/14 stroke participants exceeded 

the overall healthy 95th-percentile threshold, and 2/14 exceeded phenotype-specific thresholds 

(Supplementary Table S18C). Thus, among stroke participants with sufficient bilateral 

physiology for projection, the principal difference from the healthy reference cohort was a 

redistribution across healthy-derived physiological phenotypes, particularly toward High 

excitability. Moreover, exploratory analyses suggested greater nearest-centroid distance among 

participants with right-sided than left-sided lesions (median 1.73 versus 0.90; Mann–Whitney 

U=6.0, P=0.029, Cliff’s 
 = 0.73) (Supplementary Table S20). 
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Discussion  

This study establishes a normative physiological reference framework for corticospinal 

excitability and interhemispheric inhibition between the human motor cortices. To our 

knowledge, this is the first study with the largest IHI dataset to date to identify discrete 

physiological phenotypes from combined bilateral TMS-derived cortical measurements and to 

evaluate stroke physiology within this normative framework. Although previous studies have 

documented substantial inter-individual variability across TMS measures, they have not 

examined whether this variability is organized into reproducible physiological states. Our 

findings demonstrate that healthy motor physiology is structured into discrete excitability–

inhibition phenotypes that are largely independent of demographic factors. Among stroke 

participants with sufficient bilateral physiology for projection, stroke was associated primarily 

with redistribution across these healthy-derived phenotypes, particularly toward the High-

excitability phenotype. Together, these findings suggest that motor cortical physiology is 

structured into intrinsic configurations that provide a reference for distinguishing normal 

variability from pathological change. 

Normative motor cortical organization 

Across a large cohort of healthy adults, corticospinal excitability and IHI were remarkably 

symmetric at the population level. Neither rMT nor iSP showed a systematic hemispheric bias, 

suggesting no consistent population-level dominance of one hemisphere over the other, while 

allowing for marked individual differences in hemispheric asymmetry.31 However, this 

symmetry masked considerable inter-individual variability, indicating that normal physiology 

encompasses a broad range of excitability–inhibition configurations. Age was the only 

demographic factor associated with hemispheric asymmetry. Increasing age was weakly 

associated with a more positive right–left rMT difference, whereas no association was observed 

between age and iSP asymmetry. Previous meta-analytic and empirical studies have reported 

age-related increases in absolute rMT, consistent with reduced corticospinal excitability.16,49–

51 Age-related changes in iSP and interhemispheric interactions have also been reported, 

although the specific iSP parameters affected vary across studies and experimental 

protocols.7,24,52 Similarly, handedness has been associated with task- and laterality-dependent 

differences in cortical inhibitory circuitry and transcallosal inhibition,19,20 whereas findings 

concerning musicianship and long-term instrumental training have been mixed and appear to 
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depend on task, instrument, and cortical representation.18,53,54 In the present pooled cohort, 

however, sex, handedness, and musicianship were not significantly associated with 

hemispheric asymmetry. Differences across previous studies may partly reflect variation in 

sample size and methodology, including stimulation intensity, target muscle, contraction level, 

and approaches to signal processing and IHI quantification. By pooling a comparatively large 

dataset acquired and processed using harmonized procedures, the present study was designed 

to characterize population-level patterns while reducing some of the variability that may have 

limited earlier smaller studies. These findings indicate that the absence of a systematic 

population-level hemispheric bias can coexist with substantial inter-individual variability, and 

that healthy motor cortical organization is better considered as a distribution of physiological 

configurations rather than a single canonical pattern. 

Unsupervised clustering revealed three distinct physiological phenotypes defined by 

combinations of rMT and iSP. Previous TMS studies have largely examined corticospinal 

excitability and IHI independently or compared their average values across groups,15–25 

whereas jointly considering these complementary physiological measures revealed 

reproducible phenotypes that were not apparent from either measure alone. Crucially, these 

phenotypes differed in absolute levels rather than hemispheric asymmetry, indicating that 

variability reflects global shifts in motor cortical excitability and inhibition rather than an 

imbalance between hemispheres. The phenotype structure was therefore driven primarily by 

bilateral physiological levels rather than interhemispheric differences, highlighting the value 

of characterizing excitability and inhibition across both hemispheres when defining normative 

motor cortical phenotypes. 

The High-excitability and Low-excitability phenotypes were distinguished primarily by 

bilateral rMT while showing relatively preserved iSP, whereas the Weak-IHI phenotype was 

characterized by reduced bilateral iSP with intermediate rMT. This organization suggests that 

corticospinal excitability and transcallosal inhibition provide partly complementary 

dimensions of motor-system physiology rather than representing a single physiological axis. 

The absence of significant demographic associations indicates that phenotype membership was 

not readily explained by age, sex, handedness, or musicianship in the present cohort. More 

broadly, the findings suggest that joint variation in excitability and inhibition gives rise to 

reproducible physiological configurations rather than unstructured inter-individual variability. 

These healthy-derived phenotypes therefore provide a reference against which post-stroke 

physiological profiles can be classified and their deviation from healthy physiology quantified. 
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Stroke within the normative physiological landscape 

Projection of the 14 stroke participants with complete bilateral rMT and iSP measurements into 

the fixed healthy reference space showed that their physiology could be related to the three 

healthy-derived phenotypes without retraining the clustering model. Earlier TMS studies have 

demonstrated substantial heterogeneity in corticospinal excitability and IHI after stroke, with 

findings varying according to the physiological states, chronicity, recovery stage, lesion 

characteristics, and degree of motor impairment.11,30,55,56 More recent approaches have 

therefore sought to stratify stroke populations according to IHI, integrity of the corticospinal 

tract, clinical impairment, or multivariable physiological profiles.27,29 In contrast, the present 

analysis first defined phenotypes in a healthy reference population using combined bilateral 

rMT and iSP measurements and then evaluated stroke physiology relative to that normative 

organization.  

The principal difference between the healthy cohort and the projectable stroke subgroup was 

phenotype occupancy. The High-excitability phenotype accounted for 71.4% of projectable 

stroke participants compared with 35.9% of healthy participants, and the overall phenotype 

distribution differed significantly between groups. This enrichment was also retained in a 

sensitivity analysis including participants with at least three of the four phenotype-defining 

measures. These findings suggest that stroke may alter the probability of occupying particular 

regions of the healthy-derived physiological landscape rather than necessarily generating a 

qualitatively distinct physiological configuration. This interpretation is strengthened by the 

centroid-distance analysis. The projectable stroke subgroup was not globally farther from the 

healthy phenotype centroids than healthy participants themselves. Nearest-centroid distance 

was similar between groups, and only a small number of stroke participants exceeded the 

healthy 95th-percentile reference thresholds. Thus, the dominant group-level effect was 

redistribution across healthy-derived phenotypes rather than generalized displacement from 

them. This distinction between phenotype occupancy and distance from the corresponding 

normative centroid may help explain why conventional group-mean studies can yield 

heterogeneous findings:30,56 individuals may occupy different physiological configurations 

despite showing similar overall degrees of deviation from a healthy reference. 

An important qualification is that primary four-dimensional projection was possible for only 

14 of the 30 acute stroke participants. Projectability was strongly associated with preservation 

of an ipsilesional MEP, indicating that the primary projected subgroup was enriched for 
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individuals with preserved ipsilesional corticospinal responsiveness and potentially 

greatermotor recovery capasity.57 However, given that the stroke phenotype distribution is 

highly biased toward the High excitability phenotype regardless of fully obtainable phenotype-

defining measures (bilateral rMT and iSP), acute post-stroke cortical responsiveness phenotype 

may be independent of the predictability of motor recovery. The observed phenotype 

frequencies therefore should not be interpreted as representative of the entire stroke cohort. 

Rather, they characterize the subset in whom bilateral rMT and iSP could be reliably quantified. 

In an exploratory analysis, participants with right-sided lesions showed greater nearest-centroid 

distance than those with left-sided lesions (Cliff's 
 ≈ 0.73), suggesting a potentially sizeable 

laterality-related difference in physiological deviation. However, this finding was based on 

only five left- and nine right-lesion participants and should therefore be considered hypothesis-

generating rather than evidence of a robust hemispheric effect. Centroid distance is also a 

physiological measure and should not be interpreted as an index of clinical severity. Previous 

studies have reported lesion-side-related differences in motor-network organization and post-

stroke phenotypes, but the direction and biological basis of such effects remain uncertain.5,9,28 

Whether the observed difference in our study reflects hemispheric specialization, lesion 

characteristics, sampling variability, or differences in transcallosal organization will require 

confirmation in substantially larger cohorts. We therefore avoid concluding that lesion 

hemisphere determines phenotype membership or produces a systematic direction of 

physiological reorganization. 

 

Implications for neuromodulation and rehabilitation 

Traditional models of stroke recovery often emphasize pathological interhemispheric 

imbalance, particularly excessive inhibition from the contralesional hemisphere.11 

Accordingly, it is commonly used in neurorehabilitation to up-regulate the affected hemisphere 

and down-regulate the unaffected one via cortical stimulation.58 The present findings support 

a more heterogeneous view. The healthy motor system itself comprises multiple excitability–

inhibition configurations, and the projectable stroke subgroup was redistributed across these 

configurations rather than uniformly displaced into a single abnormal physiological state. 

In practical terms, this raises the possibility that interventions could eventually be informed by 

both an individual's physiological phenotype and their continuous deviation from the 
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corresponding healthy reference, rather than assuming a common pattern of contralesional 

hyperinhibition across patients. Although this concept requires prospective validation, a 

normative phenotype framework may provide a foundation for more individualized 

neuromodulation strategies. However, the present study does not test treatment response and 

therefore cannot establish that phenotype-guided stimulation improves clinical outcomes. 

Prospective studies linking physiological phenotype, centroid distance, motor impairment, 

recovery trajectories, and response to neuromodulation will be necessary before this framework 

can be used clinically. In summary, understanding the full range of normative physiological 

variability with bilateral comprehensive examinations of corticospinal excitability and 

transcallosal inhibition is essential for interpreting post-stroke pathophysiology and may 

facilitate more personalized rehabilitation strategies. 

Limitations and future directions 

Several limitations should be acknowledged. First, the stroke cohort was relatively small, and 

only 14 of 30 participants had complete bilateral rMT and iSP measurements for the primary 

four-dimensional projection. However, the main finding was supported by a sensitivity analysis 

including participants with at least three of the four phenotype-defining measures, increasing 

the analyzable sample to 17 and yielding a similar enrichment of the High-excitability 

phenotype. In a separate sensitivity analysis treating undetermined rMT values coded as 100 

as numerical ceiling values, the direction of the association was also preserved, although the 

effect was attenuated and no longer statistically significant (High excitability vs. other 

phenotypes: OR = 2.97, P=0.056; overall phenotype distribution P=0.111) (Supplementary 

Table S19). Nevertheless, because projectability was associated with preserved ipsilesional 

MEPs, the primary findings should be interpreted as most applicable to stroke participants with 

measurable bilateral corticospinal physiology. Second, the healthy reference cohort was 

substantially younger than the stroke cohort, and relatively few healthy participants were within 

the age range of the stroke group. Consequently, we were unable to perform a sufficiently 

powered sensitivity analysis restricted to age-matched or older healthy participants. Although 

phenotype membership was not significantly associated with age in the healthy cohort, this 

does not exclude age-related effects on the continuous resting motor threshold and ipsilateral 

silent-period measures. Accordingly, the observed difference in phenotype frequencies 

between healthy and stroke participants may partly reflect age differences in addition to stroke-

related physiology. Future studies should validate this framework using an age-matched 
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healthy reference cohort or age-adjusted normative models. Last, the cross-sectional design 

cannot determine whether the identified physiological phenotypes represent stable traits or 

dynamic states. Future studies should examine longitudinal changes, their relationship with 

motor behavior and functional recovery, and whether physiological phenotyping can inform 

individualized neuromodulation and rehabilitation strategies. 

Conclusion 

In conclusion, this study provides a normative physiological framework for interpreting motor 

cortical excitability and IHI. By applying a data-driven, machine-learning approach to a large 

pooled dataset of bilateral TMS measurements, we characterized the distribution of healthy 

motor physiology without imposing predefined physiological categories and identified 

reproducible patterns that would not be apparent from conventional group-average analyses 

alone. Rather than representing a single physiological state, healthy motor cortex organization 

comprises discrete excitability–inhibition phenotypes defined by distinct combinations of 

bilateral corticospinal excitability and transcallosal inhibition. The additional projection of an 

independent stroke cohort onto this fixed healthy-derived reference space extends this 

framework from physiological characterization to individualized interpretation of disease-

related physiology. Among stroke participants with measurable bilateral physiology, the 

principal difference from the healthy reference was a redistribution across these phenotypes 

(particularly toward High excitability) rather than a generalized increase in distance from 

healthy phenotype centroids. 

More broadly, this study illustrates how multivariate data-science approaches can move TMS 

research beyond single-measure and group-average comparisons by jointly modelling multiple 

dimensions of motor-system physiology and positioning individual patients relative to the 

physiological variation observed in health. These findings demonstrate the value of separating 

phenotype identity from the magnitude of individual physiological deviation and provide a 

framework for interpreting post-stroke motor physiology relative to the range of configurations 

observed in health. Validation in larger, age-matched and longitudinal cohorts will be required 

to determine the clinical and therapeutic relevance of this normative approach. 
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Figures 

 

Figure 1. Interhemispheric asymmetry in corticospinal excitability (rMT-D) and 

inhibition (iSP-D) with subgroup analyses in the healthy sample (N = 142). First row: 

Associations of age with rMT-D (Right–Left, %MSO) and iSP-D (Right–Left, % points), 

shown as scatterplots with least-squares regression lines. Spearman correlation coefficients (ρ) 
and corresponding P values are displayed. Age was weakly positively associated with rMT-D, 

whereas no significant association was observed between age and iSP-D. Rows 2–4: 

Distributions of rMT-D (left) and iSP-D (right) according to sex, handedness, and 

musicianship, shown as boxplots with individual data points overlaid. Positive right–left values 

indicate greater values for the right than the left hemisphere, whereas negative values indicate 

greater values for the left hemisphere. Overall, these findings indicate substantial inter-

individual variability in hemispheric asymmetry but little evidence that this variability is 

explained by demographic or behavioral factors, with the exception of a modest positive 

association between age and rMT-D. This age result is unchanged when excluding participants 

>40 y (Supplementary Fig. S4).  
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Figure 2. Low-dimensional representation and separability of healthy-derived 

physiological phenotypes. Three physiological phenotypes derived from standardized 

bilateral resting motor threshold (rMT, %MSO) and ipsilateral silent period (iSP, % points) 

measures were visualized across four two-dimensional embeddings: (A) principal component 

analysis (PCA), (B) Parzen-window density isometric mapping (PR-Isomap), (C) t-distributed 

stochastic neighbour embedding (t-SNE), and (D) Uniform Manifold Approximation and 

Projection (UMAP). In the left column, individual healthy participants are coloured according 

to their phenotype assignment: High excitability (Cluster 1, purple), Weak IHI (Cluster 2, teal), 

and Low excitability (Cluster 3, yellow); crosses indicate phenotype centroids in each 

embedding. In the right column, violin plots show the distribution of balanced classification 

accuracy for predicting the fixed phenotype labels from each two-dimensional embedding 

using random forest (RF), logistic regression (LR), Gaussian naïve Bayes (NB), and support 

vector machine (SVM) classifiers across repeated stratified cross-validation. Phenotype 

separation was preserved across all four representations, with the highest classification 

performance generally observed for PCA and PR-Isomap and lower, although still substantial, 

performance for t-SNE.  

 

 

Figure 3. Physiological characteristics of the three healthy-derived TMS phenotypes. 

Violin plots show the distributions of resting motor threshold (rMT) and ipsilateral silent period 

(iSP) for the left and right hemispheres across the three phenotypes identified in the healthy 

cohort: High excitability, Weak IHI, and Low excitability. Individual participants are shown 

as overlaid points, with internal dashed lines indicating the median and interquartile range. 
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Lower rMT values indicate greater corticospinal excitability, whereas higher iSP values 

indicate stronger interhemispheric inhibition. The High-excitability phenotype was 

characterized by low bilateral rMT with relatively preserved iSP, the Weak-IHI phenotype by 

reduced bilateral iSP with intermediate rMT, and the Low-excitability phenotype by high 

bilateral rMT with relatively preserved iSP. All four physiological measures differed 

significantly across phenotypes (Kruskal–Wallis tests, all P<0.0001); pairwise comparisons 

are provided in the Supplementary Materials. 

 

 

Figure 4. Projection of stroke physiology onto healthy-derived physiological phenotypes. 

(A) Two-dimensional PCA visualization of the standardized healthy physiological space 

defined by bilateral resting motor threshold (rMT) and ipsilateral silent period (iSP). Healthy 
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participants are shown according to their three healthy-derived phenotypes, with the 14 stroke 

participants having complete four-dimensional physiological data superimposed as larger 

symbols. PCA was used for visualization only; stroke phenotype assignment was performed 

by nearest-centroid classification in the original standardized four-dimensional feature space. 

(B) Distribution of healthy-derived phenotypes in healthy participants and the primary 

projectable stroke subgroup. Phenotype distributions differed between groups (fixed-margin 

Monte Carlo 𝜒2(2) = 7.00, P=0.027), with a greater proportion of stroke participants assigned 

to the High-excitability phenotype. (C) Distribution of distance to the nearest healthy 

phenotype centroid in healthy participants, calculated using leave-one-out centroids, and in 

projectable stroke participants. Nearest-centroid distance did not differ between groups 

(Mann–Whitney U=1091, P=0.550). The dashed line indicates the 95th percentile of the 

healthy leave-one-out distance distribution. 
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