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Learning new motor skills relies on neural plasticity within motor and limbic systems. This study uniquely combined diffusion tensor
imaging and multiparametric mapping MRI to detail these neuroplasticity processes. We recruited 18 healthy male participants who
underwent 960 min of training on a computer-based motion game, while 14 were scanned without training. Diffusion tensor imaging,
which quantifies tissue microstructure by measuring the capacity for, and directionality of, water diffusion, revealed mostly linear
changes in white matter across the corticospinal-cerebellar-thalamo-hippocampal circuit. These changes related to performance and
reflected different responses to upper- and lower-limb training in brain areas with known somatotopic representations. Conversely,
quantitative MRI metrics, sensitive to myelination and iron content, demonstrated mostly quadratic changes in gray matter related to
performance and reflecting somatotopic representations within the same brain areas. Furthermore, while myelin and iron-sensitive
multiparametric mapping MRI was able to describe time lags between different cortical brain systems, diffusion tensor imaging detected
time lags within the white matter of the motor systems. These findings suggest that motor skill learning involves distinct phases
of white and gray matter plasticity across the sensorimotor network, with the unique combination of diffusion tensor imaging and
multiparametric mapping MRI providing complementary insights into the underlying neuroplastic responses.
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Introduction
Acquiring new complex motor skills, such as dancing or juggling,
requires both physical and cognitive effort and induces structural
and functional changes across cortical and subcortical brain
areas (Boyke et al. 2008; Draganski and May 2008; Scholz et al.
2009; Dayan and Cohen 2011; Hüfner et al. 2011; Taubert et al.
2011, 2016; Reid et al. 2017; Jacobacci et al. 2020; Azzarito et al.
2023). Multiparametric mapping (MPM; Weiskopf et al. 2021)—
a quantitative MRI (qMRI) technique sensitive to myelin and
iron content changes—revealed evidence of performance-related,
microstructural changes across a corticospinal-cerebellar-
thalamo-hippocampal circuit in healthy controls during a motor
task (Azzarito et al. 2023). This system has been shown to
be involved in the acquisition and refinement of motor skills
through practice and experience (Boyke et al. 2008; Taubert et al.
2010; Zatorre et al. 2012; Kodama et al. 2018; Azzarito et al.
2023). Within this circuit, the corticospinal tract is the major

pathway, originating from the premotor and supplementary
motor areas where motor commands are generated (Lemon
and Morecraft 2023). The cerebellum is responsible for adjust-
ing and refining these motor outputs to produce smooth,
accurate, and coordinated movements. It processes sensory
information from muscles and joints and adapts motor plans
from the cerebral cortex (Manto et al. 2015). The flow of this
information between the cerebellum and cerebral cortex is
regulated by the thalamus, which ensures coordinated and timely
movements (Prevosto and Sommer 2013; La Terra et al. 2022).
Meanwhile, the hippocampal formation aids in the creation
of new memories associated with motor tasks, as well as
spatial memory and navigation, which are essential for complex
motor skills (Leutgeb et al. 2005; Kodama et al. 2018). Crucially,
myelin changes in the sensorimotor system preceded those
in the hippocampal formation and conformed anatomically
to the known somatotopic representation within the internal
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capsule, after upper- and lower-limb training (Azzarito et al.
2023).

The specificity of MPM may be complemented and improved
upon through combination with other imaging techniques,
including diffusion tensor imaging (DTI), which is highly sensitive
to the rate and directionality of water movement within white
matter (Basser et al. 1994; Seiler et al. 2021; Chen et al. 2024). DTI
furnishes metrics for white matter (WM) structures, allowing the
assessment of myelin and axonal changes in vivo (Scholz et al.
2009; Beaulieu 2011; Martin et al. 2016; David et al. 2019). It has
also proven sensitive to changes in gray matter (GM) microstruc-
ture, where increases in mean diffusivity (MD) have been observed
in diseases such as frontotemporal dementia, semantic dementia,
progressive nonfluent aphasia, and Alzheimer’s disease (Whitwell
et al. 2010; Weston et al. 2015). Additionally, DTI has revealed
significantly higher fractional anisotropy (FA), axial diffusion (AD),
and lower radial diffusion (RD) values within major fiber tracts
in professional athletes and musicians, compared to healthy
non-professionals, indicating fiber tract reorganization and/or
increases in WM integrity (Bengtsson et al. 2005; Johansen-Berg
et al. 2007; Han et al. 2009; Wang et al. 2013; Pi et al. 2019).
Moreover, DTI has captured dynamic changes within WM during
the acquisition of new motor skills, such as juggling or finger
tapping (Scholz et al. 2009; Takeuchi et al. 2010; Hofstetter et al.
2013; Reid et al. 2017). There is no doubt that such studies provide
evidence for the value of using DTI to detect neuroplasticity in
learning motor tasks. However, their transferability to a clinical
environment is hindered, as most previously chosen motor tasks
are inappropriate for clinical rehabilitation practice, as discussed
in our previous publication (Azzarito et al. 2023). In contrast,
tasks such as arm reaching or lower-limb functions are of greater
importance in most neurological conditions (Mayo et al. 2002;
Roby-Brami et al. 2003; Lum et al. 2009; Patterson et al. 2011;
Simpson et al. 2012; Chen et al. 2015).

In this study, we investigate training-induced plasticity in the
brains of healthy male individuals using DTI, focusing on a chal-
lenging yet achievable task suited to subjects with and without
neurological impairments (Prahm et al. 2017; Azzarito et al. 2023).
Healthy young to middle-aged male subjects were recruited for
this study due to the higher prevalence of men affected by trau-
matic spinal cord injury (Jackson et al. 2004), which is the thera-
peutic target of the training intervention under investigation. This
approach enhances our capability to understand rehabilitation
changes in the majority of these patients. Through a series of
longitudinal MRI scans—acquired before, during, and after the
training—our study pursues several inter-related objectives:
(i) understanding the spatiotemporal changes in DTI metrics
induced by training in subcortical and cortical areas, which
accompany the acquisition of motor skills; (ii) investigating
specific somatotopic changes related to training the upper versus
lower limbs; (iii) exploring correlations between DTI changes
and improvements in performance; (iv) ascertaining which
components of the motor system respond earliest to training;
and (v) contextualizing DTI findings with the microstructural
changes documented in the multiparametric mapping MRI study
by Azzarito et al. 2023.

Materials and methods
Participants
This study was conducted with the same individuals undergoing
the motor training paradigm described in Azzarito et al. (2023),
where the inclusion of spinal cord injury patients is planned.
Recruitment for this study was limited to males due to the higher

prevalence of men affected by (incomplete) traumatic spinal
cord injury: the therapeutic target of the training intervention
under investigation. A total of 32 healthy adult males, all right-
handed, were recruited for the study, with age spanning from
23 to 62 years (for additional demographic information see
Supplementary Table 1). These participants were recruited into
three training groups: an upper-limb training group (n = 9), a
lower-limb training group (n = 9), and a no-training group (n = 14).
The initial six participants were assigned to the upper, lower, or
no-training groups through block randomization. Subsequently,
an age-matching algorithm was applied to ensure that the
composition of the participant group closely resembled the
demographic profile of typical spinal cord injury patients;
specifically young to middle-aged individuals (Jackson et al. 2004).
This approach was adopted to ensure applicability to patient
cohorts in future studies. All participants had either normal or
corrected to normal vision, had no prior history of psychological
or neurological disorders, showed no contraindications for MRI,
and were unfamiliar with the experimental procedures.

Training task
Participants engaged in motor training for four consecutive
weeks, with four 60-min training sessions per week (Fig. 1A).
After this training phase, participants were prohibited from
further task-related training between day 28 and day 84. On
day 84, an evaluation of performance retention was carried out.
Control participants did not undergo training or performance
assessments. All participants were instructed not to acquire new
behavioral skills or participate in dance classes during the study
but to maintain their regular daily routines. Furthermore, none
of the study participants were allowed to take any dance lessons,
and none of the participants are or were professional dancers.
However, we did not assess whether the participants had ever
taken dance lessons in the past.

The motor training task is described in more detail in Azzarito
et al. (2023). In short, subjects were trained to match scrolling
arrow symbols on a screen (← ↑ → ↓) by activating corresponding
panels on the input device synchronized with popular songs
played from the speakers. The participant was tasked with select-
ing and activating the correct symbol at the precise moment
the scrolling arrow overlapped with a set of static arrows at
the top of the screen (Supplementary Video 1). The moment of
overlap was synchronized to the beat of the music using the Danc-
ing Monkeys script (Karl O’Keeffe, https://monket.net/dancing-
monkeys/). The script generates patterns of arrows of varying
difficulty while excluding sequences that would be impossible
to respond to. After each bout, lasting 120 s, the participant
received immediate visual feedback in the form of a percentage
score (accurate response within 45 (± 22.5 ms) ms: 2 points, 45
to 90 ms: 1 point, >90 ms: no score; cumulative score expressed
as a percentage of the maximum possible points). To avoid rote
learning of a series of movements, the pattern of arrows dif-
fered for each bout, and participants improved by developing
optimal strategies for adapting to the varying patterns (Orrell
et al. 2006). The optimal response involved identifying and exe-
cuting multistep responses to frequently encountered patterns of
arrows as they were revealed. Each training session comprised
15 bouts, with ∼120 s of rest between each. Progress in the
training involved moving through increasingly difficult levels,
with the number, pattern complexity, and scroll speed of the
arrows increasing. The next level was unlocked when three non-
consecutive scores of ≥80% were achieved within a level. Demo-
tion to the previous level was mandated by three consecutive
scores of ≤30%.
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Fig. 1. Experimental design, training task, and behavioral data. The experimental design (A) involved MRI acquisition and training assessments at
baseline (day 0), during the training period (days 7, 14, and 28), and at the final retention assessment (day 84). Participants completed 60 min of supervised
training in a motor skill task four times per week for four consecutive weeks, activating inputs with their hands or feet (depending on whether they
were allocated to the upper or lower limb training groups) in response to rhythmic aural and visual stimuli in the dance game StepMania. Behavioral
improvement, defined as the percentage of correct stimulus responses, and response time (correctly pressed button within 90 ms of the cue being
presented) were measured during a formal, standardized performance test at weekly intervals. (B) Median values for these metrics are plotted with
interquartile range. The dashed lines connect the last training point (day 28) with the retention test on day 84.

For upper- and lower-limb training, we employed StepMania 5
Beta 3 software (available at www.stepmania.com) for Windows 7
(Microsoft, La Jolla, CA). In addition to the software, specific input
devices tailored to the targeted limbs were utilized.

Participants in the lower-limb training group used a dance
platform (Impact Dance Platform; Positive Gaming BV, Haarlem,
Netherlands) as their input device. This setup allowed them to
effectively learn to “dance” in response to the arrow stimuli,
as shown in Fig. 1A. Meanwhile, participants in the upper-limb
training group used a custom-made platform designed to emulate
the lower-limb platform, depicted in Fig. 1A. Participants were
instructed to employ their left hand for ← and ↑ inputs and their
right hand for → and ↓ inputs.

Formal evaluation of task performance—for correlation with
MRI metrics—was performed at baseline (prior to training) and
on days 7, 14, 28, and 84. These assessments used predetermined
arrow patterns of increasing complexity and included segments
at increasing tempos (60, 80, 100, and 120 beats per minute).
To prevent rote learning, arrow patterns were different at each
assessment timepoint but complexity was standardized using
the Dancing Monkeys script (Karl O’Keeffe, https://monket.
net/dancing-monkeys/). All participants undertook identical

performance assessments. The total duration of this assessment
was 3 min and 20 s.

Behavioral analyses
As in Azzarito et al. (2023), performance was measured in terms of
the percentage of correct stimulus responses (%CSR) and response
time (RT). %CSR was defined as the percentage of correct inputs
within 90 ms of the cue, while RT represented the mean abso-
lute ± delay in milliseconds between overlap of timing of cue
and arrow on the top row cue overlap and the time of cor-
rect inputs. To quantify behavioral improvement, we employed
customized Matlab 2016b (The MathWorks, Natick, MA, USA)
routines.

An exponential model of y = α−δ e−γ t+ε was fitted to measured
performance improvement over the training period t (baseline,
days 7, 14, and 28), where y represents the performance param-
eter (%CSR or RT), α the asymptote of the curve (the learning
plateau), δ the acquisition climb or the extent of improvement
from baseline to asymptote, and γ the time needed to reaching the
asymptote (speed in improving). The error term ε was assumed
to be normally distributed with a mean of 0. These parameters
were estimated individually for each participant, and separately
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for left- and right-sided responses using MATLAB’s custom non-
linear census fitting function. Parameters δ and γ were analyzed
to investigate several aspects of sensorimotor learning: (i) skill
acquisition across all participants, (ii) disparities between upper-
and lower-limb training, (iii) differences between left and right
lateralized training responses, and (iv) MRI correlates. The first
three aspects were assessed using Stata 15.0 (Stata Corp, College
Station, TX), while the fourth was assessed using SPM (Statistical
Parametric Mapping version 12 v7487; https://www.fil.ion.ucl.ac.
uk/spm).

To evaluate the normality of performance parameters (δ and γ ),
the Shapiro–Wilk test was employed. Differences in performance
between upper- and lower-limb training were assessed using a
two-sample Wilcoxon rank-sum test on the γ and δ values of all
trained participants. Lastly, to determine if the acquired skill was
retained at follow-up, a Wilcoxon matched-pairs signed-rank test
was conducted on %CSR and RT at days 28 and 84.

MRI acquisition
All MRI measurements were acquired using a 3-T Siemens Skyrafit

scanner (Siemens Healthcare, Erlangen, Germany) with a 16-
channel receive head and neck coil, and employing Syngo MR
E11 software. Scans were performed at five timepoints, including
baseline (prior to training) and on days 7, 14, and 28, as well
as at 84-day follow-up. When both scanning and training were
scheduled for the same day, the training was conducted after
the scan. At each timepoint, we acquired a diffusion MRI (dMRI)
dataset for DTI and a multiparameter mapping (MPM) protocol for
quantitative maps (for details please see Azzarito et al. 2023).

The dMRI dataset comprised 60 diffusion-weighted images
with a b-value of 1200 s/mm2, each employing a unique diffusion-
encoding direction, and 7 T2-weighted images with a b-value of
0 s/mm2. These scans were obtained using a 2D single-shot spin-
echo echo-planar imaging sequence that covered the entire brain.
The sequence included 56 slices with a thickness of 2.5 mm and a
10% gap, acquired in an ascending interleaved order. Additional
acquisition parameters were as follows: in-plane resolution of
2.5 × 2.5 mm2, in-plane field of view measuring 220 × 220 mm2,
repetition time of 7600 ms, echo time of 80 ms, flip angle of
90◦, GRAPPA (generalized autocalibrating partially parallel acqui-
sition) with an acceleration factor of 2 in the phase-encoding
direction (anterior–posterior), 7/8 phase partial Fourier, nominal
echo spacing of 0.7 ms, and readout bandwidth of 1624 Hz/pixel,
for a total dMRI acquisition time of 8 min and 54 s. Additionally, a
single, T2-weighted image with a b-value of 0 s/mm2, sharing the
same geometry and sequence parameters but featuring an oppo-
site phase-encoding direction (posterior–anterior), was acquired.
For comprehensive details of the MPM protocol, please refer to
Azzarito et al. (2023).

MRI processing
The dMRI dataset underwent several processing steps. First,
denoising was applied using the MRtrix3 package (www.mrtrix.
org). Subsequently, the data underwent eddy-current and motion
correction using eddy and susceptibility distortion correction
using topup (FSL version 5.0.11). A weighted least squares
algorithm was employed to generate maps of DTI metrics
including FA, MD, AD, and RD. These DTI maps were then
co-registered to the magnetization saturation transfer (MTsat)
map derived from the MPM protocol. To normalize the co-
registered DTI maps to the MNI152 template, the forward
deformation field (native to template space) obtained from
the MPM protocol, as described in Azzarito et al. (2023), was
applied. In obtaining these deformation fields, the MTsat maps

were first skull-stripped. For skull-stripping, the MTsat maps
were segmented using the “Segment Longitudinal Data” function
of the CAT12 toolbox (CAT12.6 (r1450), http://www.neuro.uni-
jena.de/cat/) with the graph-cut/region-growing approach.
After this skull-stripping step, the MTsat maps were used
for longitudinal registration within participants, based on a
generative model. In this model, each map was registered to a
subject-specific average map, combining nonlinear and rigid-
body registration with corrections for intensity bias artifacts
(Ashburner 2013). This procedure generated participant-specific
midpoint maps with corresponding deformation fields. Second,
a unified segmentation was applied to the subject’s midpoint
map, generating probability maps of GM, WM, and cerebrospinal
fluid (Ashburner and Friston 2005). Third, nonlinear template
generation and image registration were applied to subject-
specific midpoint GM and WM tissue maps based on Dartel
(Ashburner 2007), and the resulting template was registered
to Montreal Neurological Institute (MNI) space using an affine
transform.

Spatial smoothing was applied to the DTI maps, using a tissue-
specific 5 mm full-width at half-maximum Gaussian kernel
within both the GM and WM, following the methodology outlined
in Draganski et al. (2011). For comprehensive details regarding the
pre-processing of the qMRI, please refer to Azzarito et al. (2023). It
should be noted that MD was analyzed only in the GM, while FA,
RD, and AD were analyzed exclusively in the WM.

Statistical analyses
Regions of interest
Our DTI approach encompassed three components: (i) an explo-
rative whole-brain analysis, (ii) a hypothesis-driven region of inter-
est (ROI) analysis, and (iii) analysis of coherent patterns of changes
across ROIs and over time. The selected ROIs for our analysis
included regions identified as key to sensorimotor learning; the
sensorimotor cortices [including motor cortex areas 4a and 4p
and primary somatosensory cortex areas 3a, 3b, 1, and 2 from the
Anatomy Toolbox of SPM (Eickhoff et al. 2005, 2007)], cranial cor-
ticospinal tract (CST, including the regions of the medulla oblon-
gata, cerebral peduncle, internal capsule, and superior corona
radiata from the ICBM-DTI-81 white-matter labels atlas available
from FSL, https://fsl.fmrib.ox.ac.uk), thalamus [Oxford thalamic
connectivity atlas available from the Anatomy Toolbox of SPM
(Eickhoff et al. 2005, 2007) and FSL], cerebellum [available from
the Anatomy Toolbox of SPM and FSL (Eickhoff et al. 2005, 2007;
Diedrichsen 2006)], and hippocampal formations [including areas
of the cornu ammonis 1, 2, and 3, dentate gyrus, entorhinal
cortex, and subiculum available from the Anatomy Toolbox of
SPM (Eickhoff et al. 2005, 2007)]. These choices were grounded in
previous studies that reported GM and WM changes in response
to upper- and lower-limb training (Draganski et al. 2006; Boyke
et al. 2008; Scholz et al. 2009; Hüfner et al. 2011; Schlegel et al.
2012; Lakhani et al. 2016; Wenger et al. 2016; Kodama et al.
2018; Long et al. 2018; Azzarito et al. 2023). For each hemi-
sphere and tissue type (GM and WM), we defined a single ROI.
The ROI definitions for the CST were based on the FSL tem-
plates in MNI space. Meanwhile, the sensorimotor cortex, tha-
lamus, hippocampal formation, and cerebellum were defined
using the anatomy toolbox in SPM, as detailed in Eickhoff et al.
(2005, 2007).

Training-induced structural changes
We employed SPM to examine (i) training-induced brain changes,
(ii) somatotopic effects, and (iii) the relationship between training
performance and structural adaptation. To compare the changes
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in DTI metrics with those in qMRI metrics observed in Azzarito
et al. (2023), we conducted a mass-univariate approach for each
parameter and superimposed the significant results of the train-
ing response, as outlined in Draganski et al. (2011).

For modeling training-induced brain changes, we employed a
general linear model within SPM, which incorporated linear and
quadratic terms, as well as an intercept, for each subject. Age and
total intracranial volume (TIV) were included as covariates in the
model for each subject. This approach allowed us to estimate the
DTI parameter changes individually and can be used to associate
the linear or quadratic changes with the subjects’ improvements.
The linear and quadratic terms were mean-centered, and the lin-
ear component was orthogonalized with respect to the quadratic
component. This orthogonalization enabled us to identify both
linear and transient negative quadratic (increase–decrease) and
transient positive quadratic (decrease–increase) trajectories, fol-
lowing the methodology described in Ziegler et al. (2018). The use
of this second-order polynomial regression is important because
the quadratic terms model early and late phases that can have
opposite signs: e.g. plastic changes in the neuropil followed by
myelination, or early changes that then revert to baseline (see
discussion).

Training-induced brain changes were defined as the differ-
ence in the quadratic model parameters between the combined
trained group (comprising upper- and lower-limb training) and the
untrained group. The same model was used to assess somatotopic
effects by comparing lower-limb with upper-limb trainees within
the same ROIs. Therefore, it would be expected that neuroplastic
changes from the upper-limb trainees would occur in different
subareas of the same brain structures that have somatotopic
representation, compared to the lower-limb trainees.

To characterize MRI correlates of motor learning, we used
SPM’s multiple linear regression models. We examined the
associations of the linear and quadratic terms of the quadratic
model with improvements in performance. Specifically, we
assessed associations at the baseline prior to training (α–δ), with
training-induced behavioral improvement (δ), and with the speed
of improvement (γ ). To ensure the robustness of our inferences, we
included only subjects whose behavioral parameters fell within 3
SD of the group mean, thus mitigating the influence of outliers.
Significant clusters were identified after applying a conservative
cluster-forming threshold of P = 0.001 All results were subjected
to family-wise error (FWE) correction (P < 0.05), and a cluster size
of ≥20 voxels was considered significant.

Assessment of retention of training-induced microstructure
changes
To evaluate the retention of training-induced microstructural
changes, we computed the mean values of FA, MD, AD, and RD
within clusters that had exhibited significant responses to train-
ing in each participant from the last 2 timepoints (i.e. days 28 and
84). Subsequently, we conducted frequency and probability testing
to assess significant differences and the probability of equiv-
alence between the trained and untrained individuals on day
84. For this analysis, we employed the Welch two-sample t-test
in RStudio (version 2022 July 1) and the Bayesian independent-
samples t-test in JASP (version 0.17.1). Similarly, we explored
significant differences and the probability of equivalence within
the trained group between day 28 and day 84. To categorize the
strength of the evidence for equivalence, we used the classifica-
tion system proposed by Kass and Raftery (1995).

Coherent changes in microanatomy within the motor
system
To characterize coherent changes in distinct brain regions—which
may involve concurrent changes in different regions at the same
time or time-lagged changes at subsequent timepoints—we cal-
culated the mean for each DTI metric from the significant (group
comparison) clusters in MNI space for all trained participants, as
discussed above in Section “Training-induced structural changes”.
For the time-lagged analyses, we employed a mixed-effects model
to investigate correlations between mean MRI parameters in one
cluster at a specific timepoint and the same parameter in another
cluster at the subsequent timepoint (including baseline, days 7,
14, and 28), corrected for age and TIV. This analysis focused
specifically on the motor system, encompassing the corticospinal
tract and cerebellum, with the aim of exploring the sequence of
responses within the motor system to training. Specifically, we
sought to identify correlations between changes in one cluster
(for example, mean FA from the left corticospinal tract) and time-
lagged changes in another cluster (for example, mean FA from
the right cerebellum at the subsequent timepoint). This can be
regarded as a simple form of directed functional connectivity
analysis (Friston et al. 2013), of the sort used to establish Granger
causality based upon temporal precedence; i.e. a statistical depen-
dency between measures in one region and preceding measures
in another. Finally, we tested for coherent changes between paired
brain structures in the contralateral hemisphere at the same
timepoint.

Approvals, registrations, and participant
consents
The study was conducted in compliance with Good Clinical Prac-
tice and the Declaration of Helsinki and received approval from
the Zurich Cantonal Ethics Committee (KEK-2013-0559). Written
informed consent was obtained from all participants.

Data availability
Anonymized grouped data may be shared upon request by a
qualified investigator.

Results
Demographics and behavioral results
The groups did not significantly differ with respect to age. All
trained participants improved (in terms of δ) in both %CSR and
RT over 28 days of training (%CSR: lower limb median = 22%
[interquartile range, IQR: 22% to 29%], upper limb median = 11%
[IQR: 9% to 12%], P = 0.004, two-tailed test; RT: median = 30.05 ms
[IQR: 13.8 to 34.82 ms], upper limb median = 25.4% [IQR: 22.58 to
28.4 ms], P = 0.895). The median number of days to reach 95% of
their maximal improvement, computed as 3/γ , was 18 (%CSR:
lower limb 14 days median γ = 0.22 [IQR: 0.21 to 0.29], upper
limb 27 days median γ = 0.11 [IQR: 0.09 to 0.19], P = 0.190, two-
tailed test; RT: lower limb 15 days median γ = 0.20 [IQR: 0.09
to 0.28], upper limb 21 days median γ = 0.14 [IQR: 0.11 to 0.27],
P = 0.796; Fig. 1B and Azzarito et al. 2023). At baseline, no signifi-
cant difference in RT between lower-limb trainees (58.8 ms) and
upper-limb trainees (50.6 ms) was found (P = 0.171). Nevertheless,
upper-limb trainees (%CSR) achieved a significantly higher %CSR
at baseline compared to lower-limb trainees (90.4% vs. 69.1%,
P = 0.001). This resulted in a significantly higher improvement in
terms of %CSR in lower-limb trainees compared to upper-limb
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trainees (22% vs. 11%, P = 0.004), while improvement in terms of
RT was not significantly different (lower limb: 30.1 ms, upper limb:
25.4 ms, P = 0.895). As previously described, specific improvements
in %CSR and RT for inputs exclusively delivered by the left or
right side were not significantly different (P > 0.05, two-tailed test),
nor were significant differences in %CSR and RT observed (%CSR
lower limb P = 0.910, upper limb P = 0.531; RT lower limb P = 0.100,
upper limb P = 0.652) between days 28 (lower limb: %CSR = 92.68%
[IQR: 91.08% to 93.63%], RT = 38.57 ms [IQR: 34.73 to 46.97 ms];
upper limb: %CSR = 98.41% [IQR: 97.45% to 99.68%], RT = 29.05 ms
[IQR: 27.08 to 38.64 ms]) and 84 days (lower limb: %CSR = 92.67%
[IQR: 90.76% to 93.97%], RT = 41.84 ms [IQR: 39.17 to 52.33 ms];
upper limb: %CSR = 98.41% [IQR: 97.13% to 100.00%], RT = 30.24 ms
[IQR: 25.92 to 34.87 ms]).

Microstructural responses to training
Whole-brain analysis
At baseline, no significant differences in any DTI metrics were
observed between the trained and non-trained groups. During
training, utilizing an exploratory whole-brain approach for GM
and WM analysis (Supplementary Fig. 1 and Supplementary
Table 2), we observed linear increases in FA and AD, as well as
linear decreases in RD and MD in the trained group compared to
the non-trained group across various brain regions. Specifically,
significant differences in the linear change were found in the
bilateral cerebellum (left: FA: z = 4.493, P < 0.001; AD: z = 4.665,
P < 0.001; RD: z = 4.569, P < 0.001; MD: z = 4.481, P < 0.001; right:
FA: z = 4.378, P < 0.001; AD: z = 3.978, P = 0.028; MD: z = 4.705,
P < 0.001), the corona radiata near the motor cortex (RD: z = 5.682,
P = 0.034), WM in the vicinity of the left hippocampus (FA:
z = 4.376, P = 0.002; AD: z = 4.790, P < 0.001), and the WM within
the brainstem (right: RD: z = 4.535, P < 0.001; left RD: z = 3.982,
P = 0.015) (Supplementary Fig. 1 and Supplementary Table 2).
Furthermore, trainees exhibited greater negative quadratic
changes in FA and greater positive quadratic changes in RD in the
corpus callosum (FA: z = 4.479, P = 0.033; RD: z = 4.265, P = 0.037)
and the left corona radiata (FA: z = 4.118, P = 0.008; RD: z = 4.258,
P = 0.001; Supplementary Table 2).

ROI-based analysis
At baseline, no differences were found between trainees and
non-trainees for any MRI metric or ROI. In response to training,
trainees exhibited greater positive linear changes in FA, AD,
and RD, compared to non-trained participants, in the WM of
the cerebellum (left: FA: z = 4.870, P < 0.001, AD: left: z = 4.901,
P < 0.001; right: FA: z = 4.356, P < 0.001, AD: z = 4.075, P < 0.001)
and corticospinal tract (left: FA: z = 3.962, P = 0.009, AD: z = 3.993,
P = 0.042, RD: z = 4.746, P < 0.001; right FA: z = 4.354, P = 0.029, RD:
z = 4.509, P < 0.001) (Table 1, Fig. 2, and Supplementary Fig. 2).
Moreover, trainees showed greater negative linear changes in MD
compared to non-trained participants in the GM of the cerebellum
(left: z = 5.198, P < 0.001; right: z = 4.813, P < 0.001), thalamus (left:
z = 4.366, P = 0.002; right: z = 4.460, P < 0.001), and hippocampus
(z = 4.668, P < 0.001; Table 1, Fig. 2, and Supplementary Fig. 2).
Overall, training-induced microstructural changes occurred in
both cortical and subcortical structures, involving both GM
and WM.

Associations with performance improvements
Whole-brain analysis
We found a positive correlation between linear changes in FA and
AD in the left corona radiata inferior to the sensorimotor cortices Ta
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Fig. 2. Selection of training-induced changes observed during the learning of the motor skill task (combined upper and lower limb in magenta), compared
to untrained healthy controls (cyan). Positive linear fractional anisotropy (FA in yellow) changes were observed in the (A) cerebellum and (B) corticospinal
tract. Negative linear mean diffusivity (MD in blue) changes were observed in the (C) cerebellum and (D) hippocampus. Axial diffusivity (AD) is shown in
red and radial diffusivity (RD) is shown in green. Significant clusters are overlaid on the group mean MTsat map for visual purposes. Slight misalignment
due to potentially imperfect coregistration of the DTI-derived maps and qMRI and/or the anatomical atlases is possible. The black line indicates the
differences between trained and untrained subjects (trained − untrained). The dashed lines represent the period without any training.

and faster RT improvement (FA: z = 3.919, P = 0.029; AD: z = 4.870,
P = 0.016, Supplementary Table 3 and Supplementary Fig. 3).

ROI-based analysis
At baseline, faster RT was found to have a negative correlation
with baseline AD values in the left cerebellum (Cluster 1: z = 4.746,
P = 0.013; Cluster 2: z = 4.182, P = 0.038; Table 2 and Fig. 3) and

with baseline FA values in the left corticospinal tract (z = 3.528,
P = 0.022).

Somatotopic effects of lower versus upper limb
training
Within the lower limb subregion of the right corticospinal tract,
lower-limb trainees exhibited a steeper linear decrease in RD
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Table 2. Correlations at baseline between fractional anisotropy (FA), axial diffusivity (AD), and response time (RT). R = right, L = left.

ROI MAP Contrast P-value
(FWE-corrected)

Cluster
size

z-value x (mm) y (mm) z (mm)

Cerebellum WM L AD A negative association between AD
and RT at baseline

0.013 96 4.746 −21 −49.5 −34.5

Cerebellum WM L AD A negative association between AD
and RT at baseline

0.038 65 4.182 −7.5 −54 −25.5

Corticospinal tract WM L FA A negative association between FA
and RT at baseline

0.022 79 3.528 −18 −6 −3

Fig. 3. Associations between baseline (A) axial diffusivity (AD) and (B) fractional anisotropy (FA) and baseline response time (RT, centered mean).
Significant clusters are overlaid on the group mean MTsat map for visual purposes. Slight misalignment due to potentially imperfect coregistration
of the DTI-derived maps and qMRI and/or the anatomical atlases is possible. The scatter graphs depict the model average within the significant cluster
with a baseline value and an approximation of the linear change for individual subjects.

Table 3. Longitudinal statistical parametric mapping (SPM) analysis showing differences in the linear and quadratic time dependence
for fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD) between upper limb trainees and
lower limb trainees. R = right, L = left.

ROI MAP Contrast P-value
(FWE-corrected)

Cluster
size

z-value x (mm) y (mm) z (mm)

Corticospinal tract WM R FA lin upper < lower limb 0.018 65 4.450 9 −33 −21
Corticospinal tract WM R RD lin upper > lower limb <0.001 399 4.969 12 −28.5 −12
Cerebellum GM L MD quad upper < lower limb 0.022 105 4.378 −42 −73.5 −48

(right: z = 4.969, P < 0.001; Fig. 4A and Table 3) and steeper linear
increase in FA (z = 4.450, P = 0.018; Fig. 4A and Table 3) compared
to upper limb trainees. Furthermore, in the left cerebellum, upper
limb trainees demonstrated larger negative quadratic changes (i.e.
initial decreases) in MD (z = 4.378, P = 0.022; Fig. 4B and Table 3)
within the upper limb subregion of the cerebellum, compared to
lower-limb trainees.

Persistence of microstructural changes
When investigating the significant clusters extracted from
the whole-brain and ROI approach, only the significant RD
changes in the corona radiata near the left motor cortex
and the significant MD changes in the left caudate showed
differences between trainee and non-trainee subjects at day
84 in the whole-brain approach [trainees vs. non-trainees; RD:
(0.54 ± 0.04)•10−3 mm2/s vs. (0.58 ± 0.03)•10−3 mm2/s, P = 0.005;
MD: (0.81 ± 0.08)•10−3 mm2/s vs. (0.87 ± 0.06)•10−3 mm2/s,
P = 0.049, Supplementary Table 2]. The Bayes factor in favor of
H0 over H1 (BF01) showed that H0 was mostly favored, with
weak to no evidence supporting the H1 hypothesis in a few
cases (0.31 < BF01 < 1). The Bayes factor is the likelihood ratio
of the null hypothesis relative to the alternative hypothesis

(i.e. a Bayes factor of 0.05 means that the null hypothesis is
20 times less likely than the alternative). The exception was
change in RD in the corona radiata near the left motor cortex,
where substantial evidence (BF01 = 0.133) suggests that the
trained group still has lower RD compared to the non-trained
group at day 84 (Supplementary Table 2). No evidence against
the H0 hypothesis was found in the trained group between
28 and 84 days, although evidence for the H0 was low, falling
within the minimal to substantial range, according to Kass
and Raftery (1995) (4.1 > BF01 > 1; Table 1 and Supplementary
Table 2).

Coherent changes within the cranial
corticospinal tract and cerebellar systems
A positive correlation was observed between the left and right
corticospinal tract for FA, AD, and RD changes (Fig. 5 and Table 4).
Additionally, a positive correlation was found between the left and
right cerebellum for FA and MD changes (Fig. 5 and Table 4). In the
time-lagged analyses, it was observed that changes in FA in the left
corticospinal tract at a given timepoint were positively correlated
with changes in FA in the right cerebellum at the subsequent
timepoint (P < 0.001, Fig. 5 and Table 4). Furthermore, FA changes
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Fig. 4. Somatotopic differences associated with training the upper vs lower limbs. (A) Lower-limb training resulted in a greater linear increase in fractional
anisotropy (FA in yellow) and a greater linear decrease in radial diffusivity (RD in green) in the left corticospinal tract, where the lower-limb fibers are
located. (B) Training of the upper limbs resulted in a greater linear decrease in mean diffusivity (MD in blue) in the upper-limb area of the right cerebellum
compared to lower-limb training. The region of interest (ROI) outline is superimposed in red. Significant clusters are overlaid on the group mean MTsat

map for visual purposes. Slight misalignment due to potentially imperfect coregistration of the DTI-derived maps and qMRI and/or the anatomical
atlases is possible.

Table 4. Results from the in-time (i.e. no time shift in the same brain area contralateral hemisphere) and time-lag analysis (i.e. time
shift in the corticospinal tract to contralateral cerebellum) for fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD),
and mean diffusivity (MD).

Map temporal association Coefficient Standard
error

z-value P-value∗ 95%
Confidence
interval

In-time correlated
Left corticospinal tract (FA) and right corticospinal tract (FA) in-time 0.907 0.064 14.26 <0.001 0.783–1.032
Left corticospinal tract (AD) and right corticospinal tract (AD) in-time 0.776 0.150 5.18 <0.001 0.482–1.070
Left corticospinal tract (RD) and right corticospinal tract (RD) in-time 0.757 0.040 19.07 <0.001 0.680–0.835
Left cerebellum (FA) and right cerebellum (FA) in-time 0.829 0.049 16.79 <0.001 0.732–0.925
Left cerebellum (MD) and right cerebellum (MD) in-time 1.020 0.049 20.88 <0.001 0.925–1.116
Correlated with a time shift of one prior timepoint
Left corticospinal tract (FA) on the right cerebellum (FA) on the following timepoint 0.598 0.110 4.37 <0.001 0.383–0.813
Right corticospinal tract (FA) on the left cerebellum (FA) on the following timepoint 0.390 0.112 3.49 0.008 0.171–0.609

in the right corticospinal tract were positively correlated with
the left cerebellum at the following timepoint (P = 0.008, Fig. 5
and Table 4). In short, corticospinal changes predicted subsequent
cerebellar changes.

Contextualizing training-induced plasticity of
DTI with qMRI
Within the WM, we observed overlapping findings between MTsat

(as reported in Azzarito et al. 2023) and FA, AD, and RD within
the intracranial corticospinal tract (Fig. 6). Specifically, trainees
exhibited a positive quadratic effect (i.e. initial decrease) in MTsat,
a linear increase in FA and AD, and a linear decrease in RD.
Outside the WM, findings also overlapped within the GM of the
cerebellum, where the trained group exhibited significant linear
decreases in effective transverse relaxation rate (R2∗) and MD
(Fig. 6).

Comparison of the DTI and qMRI changes in response to train-
ing in GM revealed that MD and R2∗ both showed linear decreases
(Supplementary Fig. 4), while MTsat, longitudinal relaxation rate
(R1), and R2∗ exhibited a positive quadratic (i.e. initial decrease)
effect. In the WM, FA and AD showed a linear increase, whereas RD

showed a decrease and MTsat showed a positive quadratic change
(Supplementary Fig. 4).

Discussion
This study provides further insights into the microstructural
changes that occur in the brain during sensorimotor skill acqui-
sition. We demonstrate microstructural correlates of plasticity
in key brain regions involved in motor learning, including the
corticospinal tract, cerebellum, hippocampal formation, and
thalamus. The majority of these changes were persistent and
were associated with performance improvements. Crucially,
the diffusion parameters exhibited correlations with baseline
performance, suggesting that the subjects’ capacity to perform a
specific motor task can be estimated beforehand. This hints at the
neurological underpinnings, such as the degree of myelination,
influencing the MRI markers used in this study. These findings
suggest a sequential pattern of training-induced plasticity, with
the corticospinal tract showing early responses followed by
comparable changes in the cerebellum, indicating a specific
trajectory of neuroplastic adaptation within the motor system
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Fig. 5. Schematic representation of the coherent changes in fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity
(MD) between the corticospinal tract (purple) and cerebellum (red) over time during training. Single-headed arrows indicate the time-shifted analysis,
indicating the temporal time lag between the two brain structures, while a double-headed arrow indicates a correlation in time between both brain
areas. The gradient color changes within the boxes and the brain indicate the evolution of the convex course of linear changes observed over time.

during skill acquisition. Upper- and lower-limb trainees exhibited
microstructural changes in WM (FA and RD) and GM (MD) at
different locations within the corticospinal tract and cerebellum,
consistent with somatotopic organization.

The training induces microstructural responses
DTI is a valuable tool for assessing microstructural changes in
WM and GM (Edwards et al. 2017; Georgiadis et al. 2021). Among
available DTI metrics, RD has been found to be relatively specific
to the integrity of myelin (Song et al. 2002; Sun et al. 2006;
Georgiadis et al. 2021), while AD has been associated with the
integrity of axonal cytoarchitecture (Song et al. 2003; Budde et al.

2007; Kim et al. 2007; Sun et al. 2008; Zhang et al. 2009; Xie
et al. 2011; Brennan et al. 2013). Given that FA depends on both
AD and RD, it is influenced by both axonal and myelin changes
(Beaulieu 2011). Within brain regions with largely isotropic diffu-
sion patterns, such as the GM of cortical and subcortical regions,
MD has been shown to be sensitive to changes in microstructure,
with increases in MD observed in diseases like frontotemporal
dementia, semantic dementia, progressive nonfluent aphasia,
and Alzheimer’s disease (Whitwell et al. 2010; Weston et al. 2015).

During 1 month of active training in StepMania, we observed
progressive and tissue-specific changes in FA, RD, AD, and MD in
key brain areas associated with motor skill learning, including the

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/34/8/bhae344/7745825 by Adm

inistrative H
eadquarters - M

PS user on 04 Septem
ber 2024



Emmenegger et al. | 11

Fig. 6. Overlap between significant multiparameter mapping (MPM) changes in the study by Azzarito et al. (2023) and diffusion changes in the present
study. (E) Significant group differences in fractional anisotropy (FA; yellow) and magnetization transfer saturation (MTsat; magenta) overlapped in the
corticospinal tract at the level of the crus cerebri. Significant group differences in axial diffusivity (AD; red) and MTsat (magenta) overlapped in the
corticospinal tract at the level of the crus cerebri. Significant group differences in radial diffusivity (RD; green) and MTsat (magenta) overlapped in
the corticospinal tract at the level of the crus cerebri. Significant group differences in mean diffusivity (MD; blue) and effective transverse relaxation
rate (R2∗; cyan) overlapped in the gray matter of the cerebellum. The overlapping clusters between MPM and diffusion measures indicate regions
where both modalities showed significant group differences, suggesting potential associations between microstructural changes captured by MPM and
diffusion protocols; significant clusters are overlaid on the group mean MTsat map for visual purposes. Slight misalignment due to potentially imperfect
coregistration of the DTI-derived maps and qMRI and/or the anatomical atlases is possible.

corticospinal tract, cerebellum, and hippocampal systems. Most
of these microstructural markers increased during the training
period, peaking at day 28, with apparent deceleration thereafter
(Fig. 2). By day 84, 2 months after any training, the diffusion
parameters appeared to have returned to baseline, as no signif-
icant differences were found compared to the non-trained group.
In rodents, using MRI and immunohistology, it has been shown
that an asymptotic or quadratic time course is a much more
typical response to training than linear changes (Mediavilla et al.
2022).

The corticospinal tract, which transmits signals from the motor
cortex to the motoneuron pool in the spinal cord’s anterior horns,
exhibited bilateral increases in FA and AD, and a decrease in
RD, in response to training, suggesting increased myelination
and/or fiber density (Zatorre et al. 2012; Sampaio-Baptista and
Johansen-Berg 2017). Interestingly, the observed training-induced
plasticity in the corticospinal tract overlapped with the transient
changes in myelin-sensitive MTsat previously observed (Azzarito
et al. 2023), suggestive of axonal reorganization followed by or
concurrent with myelin plasticity (Fig. 6). Alternatively, in the
study by Mediavilla et al. (2022), such findings are interpreted as
myelin changes, particularly due to changes in length density (cal-
culated as the length of myelinated fibers per unit tissue volume)
of the myelinated axons. These changes can be influenced by the
remodeling of existing myelin sheaths and the addition of new
myelin onto previously unmyelinated regions of axons, either by
newly recruited or pre-existing oligodendrocytes. In the cerebel-
lum, we observed bilateral training-induced linear increases in FA
and AD, and a decrease in RD (extending into the corticospinal
tract) within the WM, as well as bilateral linear decreases in MD

within the GM. A linear decrease in MD was also seen within
the GM of the bilateral thalamus and right hippocampal forma-
tion. The decrease in MD may be the result of increased axonal,
dendritic, and/or myelin content and potentially attributed to
processes such as synaptogenesis, angiogenesis, gliogenesis, or
myelin remodeling (Adams et al. 1997; Kleim et al. 2002; Ruegg
et al. 2003; Dong and Greenough 2004; Pereira et al. 2007; Canu
et al. 2009; Yang et al. 2009; Toscano-Silva et al. 2010; Tronel et al.
2010; Rhyu et al. 2010; Blumenfeld et al. 2011; Yasuda et al. 2011;
Zatorre et al. 2012; Sampaio-Baptista et al. 2013, 2020;Fields 2015;
Sampaio-Baptista and Johansen-Berg 2017). The decrease in MD
within the cerebellum overlapped with the linear decreases in R2∗
reported by Azzarito et al. (2023) (Fig. 6), indicative of processes
that consume iron, such as synaptic sprouting and dendritic
branching (Carlson et al. 2007; Tran et al. 2015).

Associations with performance improvements
Subjects with higher baseline FA and AD showed better task
performance at baseline (Fig. 3), indicating that the state of con-
nectivity of neuronal circuits within an individual may influence
learning efficacy for a specific motor task beforehand. Moreover,
the linear changes in FA and AD in the corticospinal tract at
the level of the corona radiata were associated with improve-
ment in RT (Supplementary Fig. 3). The abundant projections
between the lateral cerebellum and sensorimotor cortical regions
underline its role in various aspects of motor control, including
visuospatial cognition (Burciu et al. 2013; Brissenden et al. 2018)
and the anticipatory postural adjustments required for mastering
StepMania.
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Somatotopic effects of lower versus upper limb
training
Somatotopic effects analysis, within the corticospinal tract,
revealed differences in the magnitude of microstructural changes
between upper- and lower-limb trainees (Fig. 4). The spatial
pattern of these differences is consistent with the somatotopic
anatomy of the corticospinal tract, where upper-limb fibers are
located ventrally and lower-limb fibers more dorsally (Lemon
and Morecraft 2023). The observed spatial pattern of imaging
findings suggests a somatotopic representation only above the
pyramidal tracts, but not within or below them, which aligns
with the findings of Lemon and Morecraft (2023). Also, within
the cerebellum, crucial for motor function optimization, training-
specific MD changes may be evidence of focal adaptation of the
specific task trained (Boillat et al. 2020).

Coherent changes within the cranial
corticospinal tract and cerebellar systems
Acquiring five longitudinal scans allowed us to explore tempo-
ral associations between microstructural changes across sub-
cortical and cortical areas involved in the motor learning task.
Our analysis revealed three key interdependencies. Firstly, we
observed a correlation between progressive changes in the left
and right hemispheres at a given timepoint, which is expected
in a bimanual/bipedal task and consistent with the bilateral
MTsat changes reported in Azzarito et al. (2023). Secondly, we
found that progressive increases in FA in the left corticospinal
tracts were associated with subsequent progressive increases in
FA in the right cerebellum. Similarly, progressive increases in FA
in the right corticospinal tracts were linked to later progressive
increases in FA in the left cerebellum. These findings suggest
that the corticospinal tract undergoes training-related changes
first, followed by the cerebellum, which fine-tunes and optimizes
motor learning. The delay in neuroplastic responses might point
to a hierarchical rather than a parallel system (Macpherson et al.
2021). Regarding rehabilitation training in various neurological
conditions, it would be interesting to investigate whether such
a time-lag pattern is altered or if neuroplastic responses might
not occur because the antecedent system in the hierarchy cannot
adapt to the new task.

Neurobiology underpinning MRI outcomes
related to training
The mechanisms underlying motor learning in humans are
complex and subject to ongoing research. Key factors believed
to contribute to these processes include synaptogenesis, angio-
genesis, gliogenesis, and modifications in myelin such as changes
in thickness, internode length, and nodes of Ranvier (Adams et al.
1997; Kleim et al. 2002; Ruegg et al. 2003; Dong and Greenough
2004; Pereira et al. 2007; Fields 2008, 2011, 2015; Canu et al.
2009; Yang et al. 2009; Toscano-Silva et al. 2010; Tronel et al.
2010; Rhyu et al. 2010; Blumenfeld et al. 2011; Yasuda et al.
2011; Zatorre et al. 2012; Sampaio-Baptista et al. 2013, 2020;
Sampaio-Baptista and Johansen-Berg 2017). Studies in murine
models have linked structural changes in the visual, somatosen-
sory, and motor cortices with performance improvements,
suggesting a role for oligodendrogenesis and myelination in these
processes (Lamprecht and LeDoux 2004; Theodosis et al. 2008;
Gibson et al. 2014; Badea et al. 2019). During synaptogenesis in
the GM, a decrease in MD may occur due to increased synaptic
density. This phase is followed by synaptic pruning (Kantor and
Kolodkin 2003; Yasuda et al. 2011), where redundant connections

are removed, and new connections undergo activity-dependent
myelination (Fields 2015; Sampaio-Baptista and Johansen-Berg
2017). These parallel mechanisms of pruning and activity-
dependent myelination can influence MD, which may explain
the less prominent MD changes observed between days 14 and
28. However, synaptogenesis is unlikely to play a significant role
in WM tracts, where we observed similar effects in FA, AD, and RD.

Myelin remodeling, with or without significant synaptogenesis,
may also explain the observed trajectories in WM. Linear changes
in RD and FA in the bilateral corticospinal tract suggest myelin
changes, while additional increases in AD and FA can be found
in the cerebellum. Observations of oligodendrogenesis, the gener-
ation of oligodendrocyte precursor cells responsible for myelina-
tion, in trained rodents (Gibson et al. 2014) and the association
of impaired motor learning with inhibited oligodendrogenesis
(McKenzie et al. 2014) reinforce the role of mature oligoden-
drocytes in adult humans, who exhibit a stable oligodendrocyte
population with low turnover rates (Yeung et al. 2014; Bacmeister
et al. 2022). Recent findings in adult mice also suggest a staged
response to motor training, with retraction of pre-existing myelin
sheaths followed by new myelination during the consolidation
of learning (Bacmeister et al. 2022). While our observations align
with the trajectories in myelin-sensitive MR parameters, further
mechanistic studies are necessary to determine the extent to
which our findings reflect underlying neural and/or myelination
processes.

Progressive changes in FA, MD, AD, and RD may, alternatively,
reflect increased microstructural complexity due to training-
induced gliogenesis (Fields 2015; Badea et al. 2019). This is
consistent with early research indicating local tissue volume
expansion in response to training (Draganski and May 2008;
Zatorre et al. 2012). Observations of transient increases in
vascular volume due to physical exercise (Rhyu et al. 2010) are
not consistently supported by human neuroimaging studies
analyzing cerebral blood volume (Thomas et al. 2016). This
study did not provide evidence for such mechanistic changes,
as FA decrease, and AD and RD increases would be expected
rather an FA and AD increase and RD decrease. Given that
both angiogenesis and gliogenesis involve changes in non-neural
substrates common to both GM and WM, it is possible that either
or both of these processes co-occur during the aforementioned
training processes.

Contextualizing training-induced plasticity of
DTI metrics with MPM findings
Our findings revealed training-induced plasticity in diffusion
parameters in parallel to plasticity as measured by MTsat, R1,
and R2∗. The concurrent observation of changes in diffusion
parameters and other quantitative MRI parameters have also
been reported for other biological processes such as aging (Dra-
ganski et al. 2011). Combining multiple MRI parameters sensitive
to different biological aspects sheds light, non-invasively, on the
underlying biological processes during human motor task learn-
ing. Substantial spatial overlap between MTsat and FA, AD, RD, as
well as between R2∗ and MD was observed. One of many potential
explanations of the positive quadratic MTsat changes is synaptic
and dendritic branching, which might initially lead to a relative
MTsat decrease due to the lowered myelin concentration caused
by newly formed dendrites and axons. Subsequently, myelination
of the newly formed axons and/or pruning of non-essential
connections occurs, increasing the relative myelin content.

The addition of corroborative DTI measures allows for refine-
ment of this hypothesis and highlights the complementarity of
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these approaches. We observed linear FA and AD increases and
RD decreases overlapping with transient MPM changes (Fig. 6).
This overlap supports the theory of an increase in axon density
in response to training which is followed by a later, consolidatory
increase in myelinization. In the GM, conversely, parallel linear
decreases in MD and R2∗ were observed. These findings sup-
port the hypothesis of dendritic sprouting and axonal branching,
both processes in which iron consumption occurs (Carlson et al.
2007; Tran et al. 2015), decreasing the R2∗ signal and increasing
microstructural density, leading to a decrease in MD (Whitwell
et al. 2010; Draganski et al. 2011). There was also spatial overlap
of FA and MTsat in the study conducted by Draganski et al. (2011),
which assessed qMRI and DTI parameters and their associa-
tion with aging. However, they did not demonstrate any overlap
between MD and R2∗ in their heterogeneous cohort, in which
age ranged from 18 to 85 years in contrast to the current study
(23 to 62 years). The absence of such an overlap might be due
to their study’s lack of a longitudinal design. Alternatively, the
processes of aging might influence qMRI and DTI parameters
differently than training, leading to a disparity in the changes
observed in MD and R2∗. In diseases such as Huntington’s disease,
where neuron loss and gliosis are combined with accumulations
of iron, there is an inverse relationship between MD and T2 (Syka
et al. 2015), which might be less pronounced in the aging process
alone.

MPM and DTI parameters also offer specific insights beyond
these overlapping regions, evidenced by the fact that not all
clusters capturing change overlapped. This distinctiveness can be
attributed to their entirely different physics which result in differ-
ential sensitivities and specificities to underlying microstructure.
dMRI relies on diffusion barriers, while qMRI based on relaxom-
etry, such as the MPM protocol, is sensitive to macromolecular
content (Does 2018; Natu et al. 2019; Novikov et al. 2019; Weiskopf
et al. 2021). Therefore, combining independent imaging method-
ologies might allow the investigation of the same underlying
biological mechanisms with different sensitivity and specificity
to different aspects of this process. This addresses the limitation
of current MRI methods, which cannot capture processes com-
prehensively with a single measure (van Weijden et al. 2021). In
the case of myelin, it has been shown that R1, MTsat, and RD are
sensitive to myelin content, though they are based on different
physical principles. In brief, R1 is based on the single exponen-
tial spin–lattice relaxation, which varies with tissue composition,
while MTsat quantifies the magnetization transfer from macro-
molecules, predominantly myelin, to free water, and RD measures
water diffusion perpendicular to the main diffusion direction
along the axons (van der Weijden et al. 2023). Furthermore, the
typical resolution for dMRI (ca. 2 to 3 mm isotropic) is lower
than that for qMRI (ca. 1 mm isotropic), leading to more severe
partial volume effects, potentially contributing to the lower sen-
sitivity of dMRI within cortical GM structures. Adopting a multi-
contrast MRI approach increases the capacity to detect biological
processes, particularly when both qMRI and dMRI indicate neuro-
plasticity. This approach enhances the likelihood of distinguishing
neuroplasticity changes from non-systematic signal fluctuations
that might not be detected by one method alone.

Limitations
This study has some shortcomings that should be taken into
account. A significant difference in %CSR at baseline between
the upper- and lower-limb trainees (higher for upper limb
trainees) was detected, which could potentially decrease the
%CSR improvements of the upper limb trainees. To address this,

exponential models were chosen to incorporate a plateauing
effect, and nonparametric tests were used to account for the non-
normal distribution that may result. Only one subject achieved a
perfect %CSR score during the training period. Due to differences
in the degree of improvement in %CSR, additional somatotopic
representation differences may have gone undetected.

The DTI metrics including FA, MD, AD, and RD are sensitive, but
not specific, measures of WM and GM microstructure, serving as
proxies in the absence of confirmatory histological training stud-
ies. Nevertheless, we demonstrated coherent changes consistent
with the current understanding of the processes underpinning
complex motor learning tasks (Lungu et al. 2014), with several spa-
tial overlaps identified with independent microstructural markers
for myelin observed in the same training cohort (MTsat and R1 and
iron deposition R2∗; Azzarito et al. 2023).

The resolution and smoothing used in this study may lead
to partial volume effects and therefore decreased accuracy in
distinguishing individual fiber tracts. We have attempted to min-
imize the impact of this on the quantitative metrics by using
tissue-specific smoothing (Draganski et al. 2011). The potential
remaining partial volume effects and other sources of noise could
potentially explain the absence of upper- and lower-limb changes
in GM and WM regions in close proximity, as well as potential
influences from neighboring brain areas or fiber tracts.

Analyses in this study were limited to linear and quadratic
temporal changes, although clearly other temporal patterns are
possible. The quadratic model is particularly suitable for the
detection of progressive changes and transient changes such as
expansion and renormalization processes in the brain during
learning (Draganski et al. 2006; Moraud et al. 2016; Hopkins et al.
2018). Furthermore, only healthy young to middle-aged males
were investigated to avoid potential influences of sex on neu-
roplastic changes, which might differ in temporal, spatial, or
magnitude aspects. This limitation may affect the generalizability
to cohorts that include females. Nevertheless, since the majority
of patients with incomplete spinal cord injury, the therapeutic
target of the training intervention under investigation, are young
to middle-aged males (Jackson et al. 2004), this study can provide
valuable knowledge for most patients.

For some DTI metrics, we observed longitudinal fluctuations
in the untrained group. From GM morphometry studies (Langer
et al. 2012; Streitbürger et al. 2012; Campabadal et al. 2021), it
is already known that factors such as hydration, sleep, or head
positioning as well as scan–rescan variability might influence
local GM changes in plasticity studies and may have played a
role in this study. For example, patients with sleep disorders have
reduced GM in various brain regions, including the hippocampal
formation, compared to normal sleepers (Campabadal et al. 2021).
Dehydration may also cause GM volume decreases (Streitbürger
et al. 2012). In this study, scans were acquired on weekdays at
similar timepoints and never after training. Furthermore, the non-
trained group was instructed not to acquire any new skills, e.g.
not to take dance lessons, during the course of the study but
to continue with their previous daily habits. The requirement to
attend scans may have resulted in disruption or a reduction in
overall daily activity that was not controlled for in the training
groups, and this could potentially lead to structural brain changes
such as FA and cortical thickness changes (Langer et al. 2012).
However, given that group assignment was pseudorandomized,
the significant group trajectory differences (i.e. the interaction
between group and time) can be attributed to the effects of motor
training (Fig. 2). This is particularly evident as no systematic
differences over time in registration quality or in the residual
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sum-squared error of the tensor fitting were found between the
trained group and the non-trained group (Supplementary Table 4).
Nevertheless, the temporal drift due to the factors mentioned
above might have affected both groups similarly. This would cause
additional variability in the data and could bias the observed
group differences.

Conclusion
Longitudinal DTI, sensitive to the integrity and geometry of axonal
fibers, revealed changes across the corticospinal, cerebellar,
thalamic, and hippocampal systems in individuals mastering the
motion game StepMania. These changes followed a systematic
and progressive time course, consistent with increasing myeli-
nation and/or changes in the tissue composition, e.g. reduction
of the extra-axonal space due to increased fiber or astrocyte
density. In the corticospinal tract and cerebellum of upper- and
lower-limb trainees, somatotopic differences in the magnitude
of changes were observed, providing further evidence of a
somatotopy of motor skill learning. By correlating microstructural
changes across regions and timepoints, we revealed a coherent
and choreographed motor learning network, encompassing the
corticospinal tract and the cerebellum. These results provide
further insights into the coordinated plasticity of a corticospinal-
cerebellar network, which underlies skill acquisition in the
healthy human brain. Through non-invasive MRI techniques, we
contribute to the enhanced understanding and measurement
of the neural plasticity that underpins skill acquisition, offering
valuable insights for future research and clinical applications.
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