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Abstract
Probing the brain structure–function relationship is at the heart of modern neuroscientific explorations, enabled by recent 
advances in brain mapping techniques. This study aimed to explore the anatomical blueprint of corticospinal excitability 
and shed light on the structure–function relationship within the human motor system. Using diffusion magnetic resonance 
imaging tractography, based on the spherical deconvolution approach, and transcranial magnetic stimulation (TMS), we show 
that anatomical inter-individual variability of the corticospinal tract (CST) modulates the corticospinal excitability and con-
ductivity. Our findings show for the first time the relationship between increased corticospinal excitability and conductivity 
in individuals with a bigger CST (i.e., number of streamlines), as well as increased corticospinal microstructural organization 
(i.e., fractional anisotropy). These findings can have important implications for the understanding of the neuroanatomical 
basis of TMS as well as the study of the human motor system in both health and disease.

Keywords Corticospinal tract · Corticospinal excitability · Diffusion magnetic resonance imaging · Tractography · TMS · 
Motor-evoked potentials

Introduction

The corticospinal tract (CST) is the principal motor pathway 
for voluntary movements and represents one of the most 
important descending pathways in the central nervous sys-
tem. Corticospinal axons travel from the sensorimotor cortex 
through the internal capsule, cerebral peduncles, pons, and 
medulla and synapse onto the lower motor neurons of the 
spinal cord (Porter and Lemon 1995). A majority of axons 
cross the midline at the pyramidal decussation to form the 
lateral CST, with a small number of axons remaining on the 
ipsilateral side as part of the anterior CST (Nathan et al. 
1990). This causes the left CST to support the voluntary 

movements of the right distal musculature and vice versa, 
a well-grounded notion in the literature. However, less is 
known about how the inter-individual variability in the 
structure of the CST affects the function of the human motor 
system. This study aims to explore the anatomical blueprint 
of corticospinal excitability and shed light on the struc-
ture–function relationship within the primary motor system.

Recent advances in neuroscientific methods have opened 
up new avenues for probing the relationship between struc-
ture and function. Diffusion magnetic resonance imaging 
(dMRI) tractography (Jones et al. 1999; Conturo et al. 1999) 
enables in vivo investigation of the brain’s white matter con-
nections across large samples. By following the direction of 
the greatest diffusivity of water molecules, one can extract 
orientational information and virtually reconstruct the CST 
(Jones 2008). This technique can be used to extract meas-
ures sensitive to either macrostructural (i.e., the number of 
streamlines—a proxy for volume) or microstructural prop-
erties of the CST such as myelination, axonal membrane 
integrity, axonal diameter, fibre density and fibre organiza-
tion (i.e., fractional anisotropy—FA) (Beaulieu 2002). Best 
approaches combine several measures, since it is not only 
the presence of a connection (e.g., number of streamlines) 
but also the microstructural architecture (e.g., characterized 
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by FA) that modulate conduction velocity and thus function 
(Seidl 2014; Mollink et al. 2019). This has been supported 
by studies noting a positive association between the FA and 
conduction velocity (Caminiti et al. 2013) or the strength of 
functional connectivity (van den Heuvel et al. 2008).

To probe the functional parameters of the CST, tran-
scranial magnetic stimulation (TMS) is often used (Barker 
et al. 1985; Hübers et al. 2012; Rossini et al. 2015). TMS 
is applied to the primary motor cortex (M1) to induce cell 
membranes’ depolarization, with action potentials travel-
ling along the CST and peripheral motor nerves, resulting 
in motor-evoked potentials (MEPs) that can be recorded by 
surface electromyography (EMG) in contralateral muscles. 
TMS-induced MEPs measures, like resting motor thresh-
old (rMT) and MEP latency, are used to derive information 
about the function, i.e., the corticospinal excitability and 
conductivity.

Previous literature suggested that the microstructural 
organization of the CST in terms of FA was not related to the 
variation in the corticospinal excitability (Herbsman et al. 
2009; Hübers et al. 2012). However, to our knowledge, no 
study so far has used advanced dMRI tractography methods 
to overcome the problems of crossing fibres and partial vol-
ume effects in the M1 region, to decipher this relationship in 
a healthy population. Furthermore, no study has investigated 
whether the volumetric measures of the CST could be asso-
ciated to corticospinal excitability.

Here we used advanced dMRI tractography based on the 
spherical deconvolution approach that successfully resolves 
the crossing fibres problem compared to the standard dif-
fusion tensor model (Dell’Acqua et al. 2013). We virtu-
ally dissected the CST (M1 portion) in 19 healthy right-
handed participants and assessed both volumetric (number 
of streamlines) and microstructural (FA) properties of this 
tract. Functional parameters were characterised using the 
TMS over M1, probing different aspects of the excitability 
and conduction properties of the CST (rMT, MEP amplitude, 
MEP latency). We hypothesized that using an advanced, 
more sensitive dMRI tractography approach would reveal 
a relationship between the structural properties of the CST, 
both in terms of its macro- and micro-structure, and the 
physiological TMS-induced MEP measures.

Materials and methods

Participants

Nineteen healthy participants (ten females), aged 23 to 
33 years (mean age 27.16 ± 2.61 years), took part in the 
study. We determined the required sample size through the 
G*power software (Faul et al. 2007; bivariate normal model, 
two-tailed), assuming an effect size of 0.6, an alpha level of 

0.05, and a power of 0.80. All subjects were healthy without 
a history of neurologic or psychiatric disease. All partici-
pants were right-handed with a lateralization index >  + 75 
according to the Edinburgh Handedness Inventory (Oldfield 
1971). The study was approved by the University of Padua 
Ethics Committee and carried out in accordance with the 
Declaration of Helsinki. Written informed consent was 
obtained prior to the experiment. No discomfort or other 
adverse effects were reported during the experiment. TMS 
and MRI data were acquired in two different sessions.

TMS and EMG recordings

During the TMS session (~ 90 min) participants were seated 
still in a comfortable armchair with their head kept stable 
by a neck pillow, their eyes open and their muscles relaxed. 
Single-pulse TMS (spTMS) was administered to the hand 
region of both left and right M1s (Fig. 1A) using a 70 mm 
figure-of-eight coil connected to a Magstim Bistim2 stimula-
tor (Magstim Co., Whitland, UK). The order of the stimula-
tion side was counterbalanced across participants. The coil 
was held tangentially on the scalp at a 45-degree angle to 
the midline (Brasil-Neto et al. 1992; Mills et al. 1992) to 
induce a posterior-anterior (PA) current across the central 
sulcus. The optimal scalp position (OSP) for the target mus-
cle, that is the position where MEPs with maximal ampli-
tude are recorded with minimal stimulation intensity (i.e., 
hand motor hotspot, hMHS), was identified by delivering 
single TMS pulses at fixed intensity while moving the coil 
of 0.5 cm around the target area until the best position was 
reached. The OSP was marked on a tight cap the participant 
wore. MEPs were acquired from the first dorsal interosse-
ous (FDI) muscle of both left and right hands while par-
ticipants were attending to a white fixation cross on black 
background presented in the centre of a frontal monitor. The 
resting motor threshold (rMT) was determined by applying 
ten consecutive pulses at the minimum stimulation inten-
sity required to produce, in the relaxed contralateral FDI 
muscle, MEPs of more than 50 μV in the 50% of the trials 
(Rossini et al. 1994). Then, by increasing the intensity of 
stimulation to 110% of the rMT, 10 MEPs were recorded 
for each stimulation side to measure MEPs peak-to-peak 
amplitude (mV) and latency (ms; Fig. 1B). MEP latency 
was measured as the time elapsed between the TMS pulse 
and the MEP onset using the ‘EMG Onset Search’ algorithm 
implemented in the Brain Vision Analyzer software (Brain 
Products GmbH, Munich, Germany). This allows identify-
ing the timepoint at which the EMG activity exceeded by 
more than two standard deviations the mean EMG base-
line period of 100 ms recorded before the TMS pulse. The 
inter-pulse interval was longer than 6 s, thereby avoiding 
changes in corticospinal excitability due to repeated TMS 
pulses (Chen et al. 1997). rMT ranged from 31 to 59% 
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(mean = 42%, SD = 7.49) of the maximum stimulator out-
put (MSO) for the left hemisphere and from 33 to 65% 
(mean = 42%, SD = 8.93) for the right hemisphere. The EMG 
signal was recorded (Brain Vision Recorder software, Brain 
Products GmbH, Munich, Germany) by means of two pairs 
of surface Ag/AgCl electrodes (1 cm diameter) placed in a 
belly-tendon montage, with the active electrode placed over 
the muscle belly and the reference over the interphalangeal 
joint (skin impedance < 5 kOhm). The ground electrode was 
positioned over the participant’s left wrist. Electrodes were 
connected to an isolable portable ExG input box linked to 
the main EMG amplifier for signal transmission via a twin 
fibre optic cable (Professional BrainAmp ExG MR, Munich, 
Germany). The raw myographic signals were band-pass fil-
tered (20 Hz—1 kHz), amplified prior to being digitalized 
(5 kHz sampling rate), and stored on a computer for off-
line analysis. Trials in which any EMG activity greater than 
50 μV (i.e., spike amplitude; e.g., Sartori et al. 2013) was 
present in the 100 ms window preceding the TMS pulse 
were discarded to prevent contamination of MEP measure-
ments by background EMG activity (< 1%).

MRI data acquisition

Diffusion imaging data were acquired using a Siemens 
Avanto 1.5 T scanner with actively shielded magnetic field 
gradients (maximum amplitude 45mT/m-1) at the Uni-
versity Hospital of Padua. The body coil was used for RF 
transmission, and an 8-channel head coil for signal recep-
tion. Protocol consisted of a localizer scan, followed by a 
single-shot, spin-echo, EPI sequence with the following 
parameters: TR = 8500, TE = 97, FOV = 307.2 × 307.2, 
matrix size = 128 × 128, 60 slices (no gaps) with isotropic 
(2.4 × 2.4 × 2.4  mm3) voxels. The maximum diffusion 
weighting was 2000 s/mm2, and at each slice location 7 

images were acquired with no diffusion gradients applied 
(b = 0 s/mm2), together with 64 diffusion-weighted images 
in which gradient directions were uniformly distributed in 
space and repeated three times, to increase signal to noise 
ratio.

Correction of motion and eddy current distortion, 
estimation of the fibre orientation distribution 
and tractography algorithm

Each subject’s raw image data were examined to detect for 
outliers in the data, including signal drop-outs, poor sig-
nal-to-noise ratio, and image artefacts such as ghosts. DWI 
datasets were concatenated and corrected for subject motion 
and geometrical distortions using ExploreDTI (http:// www. 
explo redti. com; Leemans et al. 2009). Spherical decon-
volution approach (Dell’Acqua et al. 2007) was chosen to 
estimate multiple orientations in voxels containing different 
populations of crossing fibres. It was calculated applying 
the damped version of the Richardson-Lucy algorithm with 
a fibre response parameter α = 1.5, 400 algorithm iterations 
and η = 0.15 and ν = 15 as threshold and geometrical regu-
larization parameters (Dell’Acqua et al. 2010). Fibre ori-
entation estimates were obtained by selecting the orienta-
tion corresponding to the peaks (local maxima) of the Fibre 
Orientation Distribution (FOD) profiles. FOD is defined 
as a spherical function describing for each voxel the total 
number of distinct fibre orientations, their actual orienta-
tions and the estimated density. To exclude spurious local 
maxima, we applied both an absolute and a relative threshold 
on the FOD amplitude (Dell’Acqua et al. 2013). The first 
“absolute” threshold corresponding to a Hindrance Modu-
lated Orientational Anisotropy threshold of 0.2 was used 
to exclude intrinsically small local maxima due to noise 
or partial volume effects with isotropic tissue. The second 

Fig. 1  TMS stimulation of left 
(blue) or right (violet) motor 
cortices and EMG recordings 
from FDI muscles (A) and a 
TMS-induced MEP from a rep-
resentative participant, where 
the event-related markers in the 
EMG trace are used for measur-
ing MEP latency (i.e., the time 
elapsed between the TMS pulse 
and the MEP onset – ‘Lat’) and 
peak-to-peak amplitude (i.e., the 
voltage difference between the 
maximal negative – ‘Min’– and 
the maximal positive – ‘Max’– 
MEP deflection) (B)

http://www.exploredti.com
http://www.exploredti.com
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‘relative’ threshold of 5% of the maximum amplitude of 
the FOD was applied to remove remaining unreliable local 
maxima with values greater than the absolute threshold but 
still significantly smaller than the main fibre orientation. 
Whole brain tractography was performed selecting every 
brain voxel with at least one fibre orientation as a seed voxel. 
From these voxels, and for each fibre orientation, streamlines 
were propagated using a modified Euler integration with a 
step size of 0.5 mm. Streamlines were halted when a voxel 
without fibre orientation was reached or when the curvature 
between two steps exceeded a threshold of 45°. All spherical 
deconvolution and tractography processing were performed 
using StarTrack, a freely available Matlab software toolbox 
developed by Flavio Dell’Acqua (NatBrainLab, King’s Col-
lege, London).

Tractography dissections of the corticospinal tract

To visualize the CST and quantify tract-specific measures, 
we used TrackVis software (http:// www. track vis. org; Wang 
et  al., 2007). We used a two regions of interest (ROIs) 
approach as described by Rojkova et al. (2016). The first 
ROI was drawn around the precentral gyrus (M1) on several 
consecutive axial slices where the central sulcus was clearly 
identifiable (Supplementary Fig. 1). The second ROI was 
defined around the cerebral peduncle to isolate the fibres 
passing from the pyramidal tract, originating from the M1 
and travelling down the brainstem to the spinal cord. A 
“NOT” ROI was used to exclude undesired fibres passing 
through the ROIs but not projecting to the motor cortex. 
For post hoc analysis of the hand motor tract (HMT) – i.e., 
the section of the CST that originates from the hand motor 
region, the anatomical landmark of the hand motor region 
(omega sign) was used to delineate the first ROI on several 
consecutive axial slices (see Supplementary Fig. 1), with the 
second ROI around the cerebral peduncle being the same 
one used for the CST.

Data analysis

MEP peak-to-peak amplitudes and latencies (see Fig. 1B; 
Supplementary Table 1) were measured offline for each 
participant using Brain Vision Analyzer software (Brain 
Products GmbH, Munich, Germany). To control for the 
variability of MEP amplitudes, each individual’s MEPs were 
normalized based on the largest of the ten acquired MEPs, 
thus scaling amplitudes values between 0 and 1 (e.g., Hübers 
et al. 2012). In addition to the rMT value, means of both nor-
malized MEP amplitudes and MEP latencies were calculated 
separately for each participant and stimulated hemisphere. In 
terms of diffusion measures, the mean fractional anisotropy 
(FA) and the number of streamlines (NoS) of the CST were 
extracted.

Statistical analysis was performed using SPSS 23 soft-
ware (SPSS Inc., Chicago, IL, United States). Pearson’s 
partial correlations (r) were used to examine the relation-
ship between the tractography variables (FA, NoS) and the 
MEP-related variables. We employed a false discovery rate 
(FDR) correction (Benjamini and Hochberg 1995) for 12 
comparisons using the q-value of 0.05 for significant results 
(FDR p < 0.05), which treated for each hemisphere 2 diffu-
sion measures (FA and NoS of the CST) and 3 TMS parame-
ters (rMT, MEP latency and MEP amplitude) as instances of 
multiple testing. Only significant correlations that survived 
the FDR correction were reported. This FDR procedure was 
also employed in our post hoc analysis of the associations 
between TMS parameters and the hand motor tract (HMT). 
Furthermore, having in mind that skull-to-cortex distance 
(SCD) can have an effect on TMS measures (Kozel et al. 
2000; McConnell et al. 2001; Stokes et al. 2005; Herbsman 
et al. 2009), we have measured the SCD over the left M1 and 
assessed its effect on our MEP-related variables using Pear-
son correlations. SCD was calculated from each subject’s 
structural T1 sagittal slice, using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) and measuring 
the shortest distance (at a 90 degrees angle) from the left 
M1 to the skull. Where significant correlations were found, 
SCD was used as a control variable in partial correlations 
between TMS and diffusion measures. For partial correla-
tion plots, residuals resulting from partial correlations after 
having controlled for SCD have been used.

Results

The effect of skull‑to‑cortex distance 
on TMS‑induced measures

SCD of the left and right M1 was positively correlated 
with the rMT (r = 0.620, p = 0.005 and r = 0.684, p = 0.001, 
respectively; Fig. 2A) as well as the MEP latency (r = 0.663, 
p = 0.002 and r = 0.489, p = 0.033, respectively; Fig. 2B). No 
significant correlations emerged between SCD and the nor-
malized MEP amplitude (ps > 0.05). Hence, the SCD was 
used as a control variable for partial correlations with the 
rMT and MEP latency.

Correlations between the CST anatomy 
and TMS‑induced measures

We found a significant negative partial correlation between 
the left M1 rMT and the NoS and FA of the left CST 
(r = − 0.620, p = 0.006 and r = − 0.656, p = 0.003, respec-
tively; Fig. 3). No significant correlations emerged between 
the left CST measures and MEP latency (ps > 0.05; Suppl. 
Table  2). A significant negative correlation was found 

http://www.trackvis.org


Brain Structure and Function 

1 3

between the FA of the right CST and the right M1 rMT 
(r = − 0.559, p = 0.016; Fig. 3) as well as the right MEP 
latency (r = − 0.587, p = 0.011; Fig. 3). For the MEP ampli-
tude at 110% of the rMT, no significant correlations were 
found with the CST structural measures (ps > 0.05; Suppl. 
Table 2).

Lastly, we have performed a post hoc analysis of the 
hand motor tract (HMT), as a section of the CST that 
originates from the hand motor area. We have replicated 
the negative association between the FA and the rMT for 

the left hemisphere (r = – 0.515, p = 0.029), but it failed to 
survive the FDR correction. No other significant correla-
tions emerged (ps > 0.066). However, it should be taken into 
account that the HMT ROI was anatomically defined, and 
thus lacks the sensitivity and specificity of a functionally 
defined ROI in light of a significant inter-individual vari-
ability in the location of the hand motor region (e.g., Sun 
et al. 2012; Eichert et al. 2021).

Fig. 2  Correlations between 
SCD and rMT (A) and MEP 
latency (B) for the left (blue cir-
cles) and right (violet squares) 
hemispheres

Fig. 3  Significant partial correlations between the structure of the CST (FA or NoS residuals) and the TMS-induced measures (rMT or MEP 
latency residuals) in the right (violet) and left (blue) hemispheres
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Discussion

This is the first study in a healthy population that used 
advanced dMRI tractography and TMS to show that the 
anatomy of the CST modulates the corticospinal excit-
ability and conductivity. The higher FA of the bilateral 
CST corresponded to a higher corticospinal excitability 
as indexed by rMT, whereas higher FA of the right CST 
corresponded to lower MEP latency or, in other words, 
faster conductivity. Furthermore, this is the first study 
that investigated how the inter-individual variability in the 
volumetric properties of the CST modulates the corticospi-
nal excitability. We found that corticospinal excitability 
is increased in individuals with a higher number of CST 
streamlines in the dominant (left) hemisphere. Our find-
ings shed light on the neurophysiological correlates of the 
inter-individual variability of the CST and show that the 
facilitation of the corticospinal excitability in the ipsilat-
eral M1 is associated with the macro- and micro-structural 
variation of the corticospinal descending pathway.

The observed inter-individual variation in the structure 
of the CST could be driven by genetic, epigenetic or envi-
ronmental factors. Variation in experience that may induce 
structural changes in the CST is especially relevant having 
in mind that this tract continues to mature well into the 
second decade of life (Dubois et al. 2009). CST develop-
mental profile is similar to the one of M1, which is con-
sidered to be a dynamic motor control region exhibiting 
activity-dependent plasticity (Sanes and Donoghue 2000).

To study the neurophysiological correlates of the CST 
we have used a TMS technique, a well-established tool for 
studying the excitability and conductivity of fast mono-
synaptic corticospinal projections originating in M1. A 
single suprathreshold TMS pulse on the CST, as assessed 
by epidural invasive recordings at the level of the cervical 
spinal cord, gives rise to a series of descending volleys, 
namely direct (D-) and indirect (I-) waves in the corti-
cospinal pathway (for a review, see Di Lazzaro and Roth-
well 2014), generated by fast conducting corticospinal 
neurons connected monosynaptically with spinal moto-
neurons (Groppa et al. 2012). Following primary motor 
cortex stimulation, MEPs are elicited in peripheral mus-
cles and their latency and amplitude can be estimated. The 
rMT, which is an indicator of the level of corticospinal 
excitability, shows inter-individual variability and varies 
across muscles, with lower thresholds for hand and fore-
arm muscles than truncal, limb and pelvic musculature 
(Tranulis et al. 2006; Rossini et al. 2015). Importantly, 
the rMT reflects membrane excitability and local density 
of individual neurons (Hallett 2000), but also excitability 
at the level of cortico-cortical axons and their excitatory 
synaptic connections with corticospinal neurons (Farzan 

2014). This means that the rMT reflects membrane excit-
ability both at the level of corticospinal axons in the motor 
cortex, as well as at the levels of motor neurons in the spi-
nal cord, neuromuscular junction and muscle (Kobayashi 
and Pascual-Leone 2003). rMT is often altered (increased) 
in diseases affecting the corticospinal tract, such as brain 
and spinal cord injury, multiple sclerosis or stroke (for 
reviews see Groppa et al. 2012; Rossini et al. 2015). This 
study showed that the rMT, as an index of corticospinal 
excitability, is associated with the FA of the CST bilater-
ally, and with the CST number of streamlines in the left 
hemisphere only. This leftward asymmetry of volumetric 
results should be replicated in larger samples. No signifi-
cant results emerged when considering MEPs amplitude 
acquired by stimulating M1 at 110% of rMT. This could be 
related to the fact that motor threshold and MEP amplitude 
reflect different physiological mechanisms, as suggested 
by the differential effects on these measures induced by 
drugs acting on neurotransmitters or on modulators of neu-
rotransmission (Ziemann 2004). In addition, by adopting 
an above-threshold stimulation, we calibrated and nor-
malized the TMS stimulation controlling for individual 
structural (e.g., SCD) and physiologic variability. There-
fore, rMT appears to be a better candidate to investigate 
the relationship between TMS physiology and its corre-
sponding white matter correlates. Our findings suggest that 
increased fibre organization, axonal membrane integrity, 
myelination or axon diameter of the bilateral CST (indexed 
by higher FA) could lead to higher corticospinal excitabil-
ity and conductivity.

This is in line with studies showing that electrical con-
ductivity and anisotropic diffusion are closely related (Tuch 
et al. 2001; Haueisen et al. 2002) since the same geometric 
tissue properties lead to an increase in both anisotropy and 
conductivity. However, our findings are contrary to previ-
ous research that failed to find a clear link between the CST 
microstructure (indexed by FA) and the variation in the 
corticospinal excitability. Nevertheless, the fibre-tracking 
algorithm of diffusion tensor model often used in previous 
studies could not resolve the problem of crossing white mat-
ter bundles. This could lead to incomplete tracking of the 
M1 portion of the CST, stemming from the rich density of 
fibres crossings in the area.

It should be noted that the majority of studies failed to 
delineate the entire CST with tractography (e.g., Herbsman 
et al. 2009) and used approaches that focused only on spe-
cific CST parts or voxels such as tract-based spatial statistics 
(TBSS) or voxel-based analysis (Hübers et al. 2012). Our 
approach, instead, was more sensitive to discern the associa-
tion since the spherical deconvolution approach accurately 
resolves crossing fibres even in noisy data and preserves 
the angular resolution of the main fibre orientations in the 
presence of partial volume contamination (Dell’Acqua et al. 
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2013). Thus, we could observe strong associations between 
several structural and functional measures of the corticospi-
nal motor system. The findings that corticospinal excitability 
increased with higher white matter FA is in line with pre-
vious studies observing the same direction of association, 
though in regions generally outside the CST (Klöppel et al. 
2008) or connected to M1 (i.e., the dorsal premotor cortex; 
Rosso et al. 2017). However, it should be mentioned that 
the corticospinal tract can be best investigated only using 
neural tracers in non-human primates and directly watching 
the labeling within the spinal sectors. With dMRI tractog-
raphy it is difficult to disentangle the corticofugal from the 
corticospinal fibres, and this should be taken into account 
when interpreting the findings.

Differently from the rMT, latency measures the time 
that passes from the delivery of a single TMS pulse and 
the appearance of the MEP in the EMG response of a tar-
get muscle. As for the rMT, latency varies across muscles, 
being shorter for the upper extremities muscles than for 
the low extremities ones, being also influenced by height 
especially in the lower limbs (Tobimatsu et al. 1998; Far-
zan 2014; Cantone et al. 2019). MEP latency reflects the 
number of synapses between the stimulation site and the 
peripheral muscle, being influenced by the diameter and 
the myelin sheath thickness of the crossed fibres (Farzan 
2014). These microstructural properties are reflected in the 
dMRI derived measure of FA, and our results support the 
notion that higher axonal membrane integrity, myelination 
or axon diameter of the right CST (higher FA) correspond 
to faster conduction time, i.e., lower MEP latency. Dubbioso 
et al. (2021) recently attempted to investigate the relation-
ship between structure and function in the motor hand knob 
by combining myelin-sensitive MRI, functional MRI during 
the execution of a motor task, as well as MEP recording. 
They demonstrated that a higher degree of myelination in 
the precentral motor hand knob was associated with more 
rostral TMS hotspots, suggesting that inter-individual differ-
ences in precentral myelination could account for variations 
in corticospinal excitability, as well as in dexterous motor 
control (Dubbioso et al. 2021). According to this innovative 
approach, our results showing an asymmetric relationship 
between structural CST measures and MEP latency (i.e., 
a positive correlation only for right FA and MEP latency) 
could be associated to differences in the hotspot rostrality 
(see also Ahdab et al. 2016) and should be replicated in 
bigger samples.

Along this line, some studies also reported a non-com-
plete overlap between the hMHS and the hand knob (Ahdab 
et al. 2016; Kim et al. 2021). In our post hoc analysis focused 
on the on the section of the CST that originates from the 
hand motor region (based on the omega sign, an anatomical 
landmark), as compared to the CST fibers originating from 
the whole M1, the correlations between the tractography and 

the MEP-related variables were less strong and only partially 
overlapping. This points to the possible effect of anatomical 
variability in the hMHS location among individuals – which 
may not coincide with the anatomically defined hand knob 
as shown by Kim et al. (2021). This could affect the sensi-
bility of our results and the lack of observed associations.

Along with the rMT, future studies should also probe 
the strength of corticospinal projections through the input/
output (I/O) curve or recruitment curve, thus measuring 
the modulation of MEP amplitudes across a wide range 
of TMS intensities (Devanne et  al. 1997). As temporo-
spatial summation at the cortico-motorneuronal synapses 
is enhanced by increasing stimulus intensity, the slope and 
the plateau phase of the I/O curve will reflect the number of 
recruited corticospinal fibres and the temporal dispersion 
of the descending excitatory drive along the corticomotor 
pathways (Rossini et al. 2015). In the present study, we did 
not find any significant correlation between CST structural 
features and MEP amplitudes. However, a limitation is hav-
ing measured amplitudes by recording ten MEPs. Although 
it could be sufficient for obtaining a reliable measure of 
CSE (e.g., Bastani and Jaberzadeh 2012; Cavaleri et al. 
2017), an increase in the number of acquired MEPs (e.g., 
20–30; Cuypers et al. 2014; Goldsworthy et al. 2016; see 
also Ammann et al. 2020) would surely have improved the 
reliability of the obtained results given the well-known trial-
to-trial intrinsic variability in MEP amplitudes.

In summary, as TMS can evoke neuronal activity by 
exciting neurons in a suprathreshold fashion, it is well suited 
to investigate excitability and connectivity in targeted areas 
(Siebner et al. 2009), giving researchers the chance to shed 
light on the structural substrates of observed TMS effects 
and measures that are still poorly understood (Bestmann and 
Krakauer 2015). Along this line, neuroimaging in conjunc-
tion with TMS can be used to advance the understanding 
of the TMS technique itself (Bergmann et al. 2016). Future 
research should further expand our knowledge on the CST 
structure–function relation, which may positively affect the 
diagnostic and therapeutic potential of TMS combined with 
dMRI measures in various neurological and psychiatric dis-
orders, as well as traumas causing structural and functional 
changes (e.g., Du et al. 2017; Jang et al. 2017; Zhao et al. 
2019; Jang and Seo 2019; Guder et al. 2020, 2021; Mirchan-
dani et al. 2020). In addition, future studies exploring the 
corticospinal tract should apply a field map correction that 
could affect the cerebral peduncles where the second ROI 
is placed. Even if our sample size is in line with previous 
literature (e.g., Hübers et al. 2012), our findings could ben-
efit from a replication in larger samples, this way providing 
an even more reliable reference for the structure–function 
relationship in healthy individuals.

In conclusion, by coupling neurophysiology with neu-
roanatomy, our study has shown that both macro- and 
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microstructural properties of the CST are associated with the 
corticospinal excitability and conductivity. Our results shed 
important light onto the structure–function relationship of 
the human motor system relevant for both health and disease.
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