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Somatosensory inputs are critical to motor control. Animal studies have shown that primary somatosensory
lesions cause sensorimotor deficits along with disrupted organization in primary motor cortex (M1). How does
damage in primary somatosensory cortex (S1) influence motor networks in humans? Using fMRI, we examined
two individuals, LS and RF, who had extensive damage to left somatosensory cortex, but primarily intact motor
cortex and preserved motor abilities. Given left S1 damage, tactile detection and localization were impaired for
the contralesional hand in both individuals. When moving the contralesional hand, LS, with near complete
damage to S1 hand area, showed increased activation in ipsilesional putamen and deactivation in contralesional
cerebellum relative to age-matched controls. These findings demonstrate influences of S1 damage to subcortical
sensorimotor areas that are distant from the lesion site, and a potential reweighting of the motor network with
increased action selection in putamen and inhibition of sensory prediction in cerebellum in the face of sensory
loss. In contrast, RF, who had a small island of spared S1 in the hand area, showed greater activation in con-
tralesional S1 for movement versus rest. This same region was also activated by pure somatosensory stimulation
in a second experiment, suggesting that the spared S1 area in RF still subserves sensorimotor processing. Finally,
the right middle occipital gyrus was more strongly activated in both individuals compared with controls, sug-
gesting the potential reliance on visual imagery in the face of degraded sensory feedback.

Visuomotor

1. Introduction

Successful hand actions critically depend on somatosensory feedback
that informs the current state of the hand and the object. Integration of
sensory information into motor commands relies on the communication
between sensory and motor networks. The adjacent primary motor
cortex (M1) and primary somatosensory cortex (S1) are densely inter-
connected and instantiate such communication (Catani et al., 2012;
Ghosh and Porter, 1988; Mao et al., 2011; Porter and White, 1983; Tame
et al., 2015). Although simple tactile detection could be relearned (La
Motte and Mountcastle, 1979), lesions in S1 profoundly influence motor
processing, reducing the power, dexterity and use of the contralesional
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hand in animals (Ghosh and Porter, 1988; Mathis et al., 2017; Xerri
et al., 1998), humans (Carey et al., 2018; Chen et al., 2006; Jeannerod
etal., 1984), and preventing learning of new motor skills (Pavlides et al.,
1993). Infarcts in S1 have altered response profiles (Kambi et al., 2011;
Kato and Izumiyama, 2015; Qi et al., 2010) and organization in M1
(Harrison et al., 2013). These findings provide evidence for reorgani-
zation of the primary motor cortex due to primary somatosensory
damage.

Beyond primary motor cortex, motor networks encompass a wide
range of cortical and subcortical areas. By asking participants to perform
simple flexion-extension or finger-tapping movements, studies report
robust activation in bilateral premotor cortex, supplementary motor
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area (SMA), posterior parietal activation (PPC), and subcortically in
basal ganglia, thalamus, and cerebellum (Eickhoff et al., 2009; Hardwick
et al., 2018). Similar paradigms have been used in brain-damaged in-
dividuals to study somatosensory and motor reorganization after stroke.
In these studies, stroke survivors performed simple whole-hand open-
ing-closing/gripping or finger tapping movements and their motor
activation was compared between the two hands or with
neurologically-typical groups (Carey et al., 2002, 2006; Grefkes and
Ward, 2014; Ward et al., 2003). By correlating motor activity with hand
function, researchers were able to infer neural correlates of functional
recovery while accounting for various factors such as lesion location and
size (Grefkes and Ward, 2014; Grefkes and Fink, 2011).

One dimension along which motor areas vary functionally is the
degree they participate in sensorimotor integration. For example, the
cerebellum has been proposed to be critical for predicting sensory
consequences during movement, and disrupting projections from S1 to
cerebellum impairs motor performance in rats (Jenkinson and Glick-
stein, 2000). Neuroimaging studies reported increased cerebellar ac-
tivity when participants traced line drawings versus drawing freely
(Jueptner et al., 1996) and when the expected touch from one’s own
action was experimentally delayed (Blakemore et al., 2001). Recent
studies established a double-dissociation between M1 and basal ganglia
such that lesioning rats’ M1 affected the execution of visually-guided but
not overly learned motor sequences, whereas damaging the basal
ganglia impaired overtrained but not visually-guided motor sequences
(Mizes et al., 2023a, 2023b). These findings suggest that M1 is required
for integrating sensory information while the basal ganglia are essential
for executing automatic, internally-generated kinematic patterns. One
ramification of differential involvement in sensory processing is that
each motor area may respond differently to damage in somatosensory
cortex. However, the influence of somatosensory damage on motor
networks in humans remains largely unknown.

The involvement of S1 in motor processing has been difficult to
examine in humans. Given brain vasculature, most strokes that damage
S1 also lead to M1 damage. We examined two individuals with extensive
damage to left somatosensory cortex, but largely intact motor cortex.
Both individuals demonstrated impaired tactile detection and localiza-
tion with preserved motor abilities on the contralesional hand,
providing a unique opportunity to investigate the reorganization of
motor networks subsequent to somatosensory damage. Importantly, the
two individuals differ in the extent of damage to the hand area of S1,
with one individual (LS) having near complete damage and the other
(RF) having a spared strip of S1 hand area along the central sulcus. These
cases allow us to examine motor reorganization subsequent to somato-
sensory damage as well as the impact of the extent of the lesion.

We conducted an fMRI experiment in which LS and RF, along with
eight age-matched controls, performed finger flexion-extension move-
ments with each hand. Whole-brain comparisons between each brain-

A. Lesionin LS
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damaged individual and the control group were performed to examine
changes in the activation pattern of motor networks as a result of so-
matosensory damage. In addition, to separate sensory processing from
motor control, LS and RF participated in a second fMRI experiment
where they passively received tactile stimulation. This experiment
allowed us to examine whether the spared portion of S1 hand area in RF
had remaining sensory function, and the causal role of S1 damage in
higher-level somatosensory areas in LS.

2. Materials and methods
2.1. Participants

At the time of testing, LS was a 63-year-old male who suffered a left
hemisphere infarct that extended from the central sulcus posteriorly to
superior temporal sulcus (Fig. 1A), affecting most of the lateral S1, part
of S2, and inferior and superior parietal lobe. Upon observation, LS
demonstrated clear deficits in touch and proprioception without vision,
and heavily relied on visual information for moving the contralesional
right hand. Precise manual tasks with vision (e.g., picking up a coin)
were also difficult. He was clearly able to perform simple hand move-
ments (e.g., opening and closing the fist) both with and without vision.

RF was a 49-year-old female (five years post-stroke) whose lesion,
caused by an ischemic stroke, extended from the postcentral gyrus to
superior temporal sulcus along with extensive damage to left parietal
operculum, superior temporal gyrus, insula, inferior and middle frontal
gyrus (Fig. 1B). Critically, there was spared tissue in the anterior bank of
the postcentral gyrus in RF, leaving the most anterior part of the hand
area in S1 intact (Fig. 1B). As with LS, RF relied heavily on vision for
moving the contralesional right hand, yet showed no noticeable move-
ment deficit.

For the motor neuroimaging experiment, we tested eight age-
matched neurologically typical control participants (all right-handed,
mean age = 61.5 years, SD = 7.9 years, 4 females). All research was
approved by the IRBs of Baylor College of Medicine (RF), University of
Delaware (LS, controls) and University of Pennsylvania (LS), with all
participants providing written informed consent.

2.2. Experimental design

2.2.1. Behavioral testing

Tactile detection was examined using a weighted 1-down 1-up
staircase procedure (10 planned reversals for LS, 20 for RF) with
Semmes-Weinstein monofilaments (North Coast Medical Inc., CA, USA,
20 monofilaments for LS ranging from 0.008 g to 300 g; 5 mono-
filaments for RF ranging from 0.07 g to 300 g). The participant was
seated with the tested hand resting on the table, palm facing up, with
monofilaments presented to the middle fingertip with the patient’s eyes

B. Lesion in RF
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Fig. 1. Lesion location in LS and RF shown in one transversal slice and a rendered 3D brain based on T1-weighted MRI scans. The yellow arrows point to the hand
knob in M1, the white arrows point to the central sulcus, and the dotted white outlines depict the estimated S1 hand area. Whereas LS had near complete damage to
the hand area in S1, RF had an anterior portion spared. A detailed presentation of the lesions is shown in Figure S1.



Y. Liu et al.

closed. Starting from the heaviest filament, if the participant reported
feeling the touch, the filament two levels lighter was used on the next
trial, otherwise the filament one level heavier was used. Catch trials in
which the experimenter approached the hand without touching were
randomly interspersed in each block (approximately 1 out of 6 trials).

Tactile localization was assessed using a clearly suprathreshold
monofilament using the method in Rapp et al., 2002 (300 g on the
contralesional hand of both LS and RF; 1 g and 300 g on the ipsilesional
hand of LS and RF respectively, four filaments above the threshold in
both cases). The participant was seated with the tested hand resting on
the table, palm facing down. In each trial the experimenter touched one
of 22 pre-determined locations on the hand dorsum (Figure S2A) with
the participant’s eyes closed. Then the patient opened their eyes and
pointed with the other hand where they felt touch on the tested hand. A
second experimenter coded their response on a standard hand template.
Each hand was tested in two blocks with one trial per location in ran-
domized order. Hand order was balanced in ABBA manner.

An additional assessment of proprioception was performed with LS
with the tested hand placed on a slider on a table. The hand and slider
were covered under a white board. We instructed LS to rest the tested
hand on the slider without making any voluntary movements. In each
trial, the experimenter moved the slider to align LS’s middle finger with
one of the 15 locations (arranged in a grid of 30 cm wide and 16 cm
deep, aligned with the body midline, Figure S2B) under the white
board. Then LS pointed to a location on the white board directly above
the perceived middle fingertip location using the untested hand. A pic-
ture of each judgment was taken and later compared with the actual
target location. Each location was tested once in each block. Each hand
was tested in two blocks in an R-1-.-R order.

2.2.2. Motor fMRI

LS, RF, and eight age-matched controls participated in the motor
fMRI experiment in which a block-design was adopted (Grefkes et al.,
2008; Jaillard et al., 2005). Each run began with a baseline period of six
seconds, then alternated between 12 s of movement and 12 s of rest for
10 cycles, totaling 246 s. In hand movement phases, the monitor, viewed
from a mirror mounted on the head coil, flashed the word “open” and
“close” at 0.5 Hz and the participant opened and closed the tested hand
accordingly. A central fixation cross was presented during rest. LS and
controls ran three runs on each hand, RF ran two runs (due to time
constraints) on each hand in an ABBA(AB) manner. Compliance with
instructions was visually monitored during testing; all participants were
easily able to complete the task.

2.2.3. Visual control fMRI

During the motor fMRI experiment, participants viewed the words
“open” and “close” during hand movement versus a fixation cross during
rest, raising the possibility that motor activation was driven by viewing
words. To examine the effect of word presentation alone, control par-
ticipants performed two runs of a visual experiment in which they
passively viewed the same visual presentation as in the motor experi-
ment (i.e. 12-seconds of word presentation, 12-seconds of fixation cross)
while no hand movements were made. Seven out of the eight controls
participated in this experiment. One control participant did not com-
plete this experiment due to time constraints.

2.2.4. Somatosensory fMRI

Each run began with a baseline period of six seconds, then alternated
between 30 s of tactile stimulation and 30 s of rest for four cycles,
totaling 246 s. During the experiment, the participant rested their hands
on each side of the body, palms facing up. An experimenter manually
stroked the palm with a brush at 2 Hz frequency following a metronome
presented via headphones that was only heard by the experimenter. The
patient was instructed not to make any body movements and to fixate at
a central cross on the monitor. Five runs were completed with LS (three
contralesional, two ipsilesional), and four runs were completed with RF
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(two contralesional, two ipsilesional) in an ABBA(A) manner.
2.3. MRI acquisition

LS’s neuroimaging data were acquired from a Siemens Tim Trio 3T
scanner at the University of Pennsylvania. A structural image was
collected using a T1-weighted MPRAGE sequence (TR=1620 ms,
TE=3.08 ms, flip angle = 15°, 192x256x160 voxels, 1 mm isotropic,
FoV=19.2 x 25.6 cm). Functional MRI images were collected using a
T2*-weighted echoplanar imaging (EPI) sequence (TR=3000 ms, TE=30
ms, flip angle=90°, 64 x64x48 voxels, 3 mm isotropic).

Control participants were scanned using the same T1-weighted
MPRAGE and T2*-weighted EPI sequences as with LS. Imaging data
were obtained from a Siemens Prisma 3T scanner at the Center for
Biomedical and Brain Imaging (CBBI) at the University of Delaware.

Imaging data from RF were obtained from a Siemens Prisma 3T
scanner at the Center for Advanced MRI (CAMRI) at Baylor College of
Medicine. A 3D anatomical scan was acquired using a T1-weighted
MPRAGE sequence (TR=2300 ms, TE=2.98 ms, flip angle = 9°,
168x237 %200 voxels (1 mm isotropic)). Functional MRI volumes were
collected using a T2*-weighted echoplanar imaging (EPI) sequence
(TR=1500 ms, TE=33 ms, flip angle=90°, 96x96x69 voxels, 2 mm
isotropic).

2.4. fMRI preprocessing

Neuroimaging data were preprocessed in FSL 6.0 (FMRIB’s Software
Library). Preprocessing of functional scans involved removal of the first
two volumes, high-pass filtering (cutoff at 100 s), slice-timing correc-
tion, spatial smoothing with 4 mm full width at half maximum (FWHM),
and motion correction through 6-degrees-of-freedom (DOF) rigid-body
transformation to the middle volume. Head motion was within 1 mm
across all runs of all participants. T1-weighted structural images were
brain-extracted with BET for controls and with optiBET (Lutkenhoff
et al., 2014) for LS and RF. Brain-extracted T1-weighted images were
then segmented into white matter, cerebrospinal fluid (CSF), and gray
matter using FAST. Functional images were co-registered to
brain-extracted structural images using 6-DOF transformation in FLIRT.
Structural images were co-registered to the MNI152 template brain (1
mm isotropic) using 12-DOF transformation in FLIRT for controls and
using the LINDA package for LS and RF implemented in R (v4.1.1;
Pustina et al., 2016). Finally, we reconstructed surface space for the
MNI152 template brain in FreeSurfer (7.2.0) and projected results from
volumetric to surface space for visualization.

Assessing BOLD time course in LS and RF

Brain damage induced by stroke is known to alter the shape of the
hemodynamic response, at times causing a delay in perilesional brain
regions (Amemiya et al., 2012; Bonakdarpour et al., 2007). In this case,
the standard hemodynamic response function (HRF) would not accu-
rately model the brain response. To assess the time course of the HRF in
LS and RF, we performed a whole-brain lag analysis in each individual
under each task as in Amemiya et al. (2012). For each voxel, the
normalized root-mean-square (RMS) between its time course shifted at
each At and the reference time course is calculated, with the reference
time course derived by convolving the standard HRF with the box-car
function corresponding to the experimental design. The At at which
the normalized RMS reaches the minimum is deemed the temporal shift
of the voxel’s time course relative to the reference.

2.5. Statistical analysis

2.5.1. Behavioral testing

Tactile detection threshold was calculated as the mean filament in-
tensity across all reversal points in the staircase procedure.

Tactile localization error was calculated as the average straight-line
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distance (in mm) between the perceived location and actual stimulus
location. For each patient, localization performance on the contrale-
sional hand was evaluated with the ipsilesional hand as a control. For
this purpose, we randomly shuffled the relationship between trial-wise
localization judgments and hand labels 100,000 times. The two-tailed
permutation p-value was calculated as the percentage of permutations
in which the absolute mean difference in localization error was larger
than the actual absolute difference between the two hands. Permutation
analyses were performed using DAAG package implemented in R
(v4.1.1).

Proprioceptive localization error was calculated as the straight-line
distance (in mm) between the perceived and actual hand location and
permutation tests were performed between the two hands in the same
manner as the tactile localization task.

2.5.2. Motor fMRI

Functional neuroimaging data were analyzed using a univariate
general linear model (GLM). The blood-oxygen-level-dependent (BOLD)
signal for each run was modeled with 16 regressors. The experiment
regressor was created by convolving the box-car function modelling
movement phases with a standard double-gamma HRF. This regressor

A. Delayed timecourse in motor cortex in LS
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implies the contrast of movement versus rest and its significance denotes
motor activation level. The temporal derivative of the experiment re-
gressor was added as a covariate of no interest to account for temporal
variation in BOLD signal. An additional 14 nuisance regressors included
six head motion parameters and their first derivative, mean time course
from CSF, and mean time course from white-matter. Within each indi-
vidual, runs of each hand were combined using a fixed-effects analysis.
Group-analysis of controls was performed with a mixed-effects analysis
using the FLAME 1 method in FSL. Results were thresholded at p < .001
and cluster-wise corrected at p < .05 based on Gaussian Random Field
(GRF) theory (Worsley, 2001). Regions were identified based on atlases
provided in FSL (Harvard-Oxford Cortical Structural Atlas, Juelich
Histological Atlas, and Talairach Daemon Labels) and the Brodmann
Area template provided in MRIcron.

FLOBS analysis: As it is unlikely that hemodynamic lag in perilesional
regions would affect subcortical or cerebellar areas, we modelled BOLD
signal using the standard HRF in these regions in LS. However, as shown
by the whole-brain lag analysis, LS’s BOLD response to hand movement
varied across brain regions (Figure S3), ranging from no temporal shift
(in putamen) to lagging by nearly six seconds or more (e.g., motor
cortex). The six-second lag had a dramatic impact such that no

B. Controls’ right hand
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Fig. 2. Brain activation when participants moved their right hand. A. Average (demeaned) time-course of the right-hand motor runs shows that LS’s hemodynamic
response lags behind controls’ and RF’s in PMd. Lag analysis revealed a delay of 6 s in LS’s hemodynamic response in M1 and PMd, as shown by the left-shifted red
curves. B. In controls, moving the right hand significantly activated left primary somatosensory and motor cortex (SMC), bilateral PMd and SMA, bilateral putamen
and cerebellum, left thalamus and S2. C. Regions with significant activity for right hand movement for LS (FLOBS analysis). While showing significant activity in left
M1, bilateral PMd, SMA, and putamen as with controls, LS showed significant activation in right MOG and deactivation in right cerebellum (standard analysis). D.
Regions with significant activity for right hand movement in RF. Other than left SMC, bilateral PMd and SMA, and cerebellum, RF showed significant activity in right
S1 and M1, and right occipital lobe. Notably, the spared strip in S1 hand area was also activated. E-F. Whole-brain Crawford-Howell t-test. Based on the standard
analysis, LS showed stronger activation in right putamen compared with controls. The right cerebellum was less activated than controls (ROI level p<.01 uncor-
rected). Both LS and RF showed significantly stronger activation in right MOG, an area that was significantly deactivated during movement in controls. RF also
showed stronger activation in right S1. G. T-values in ROIs sampled based on E. and F. Asterisks reflect significance level from the whole-brain analysis. PMd: Dorsal
premotor cortex. PMv: Ventral premotor cortex. SMA: Supplementary motor area. SMG: Supramarginal gyrus. MOG: Middle occipital gyrus. Occip.: Occipital lobe.
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activation in motor cortex was found when modeled with the standard
HRF (Figure S4A), yet there was a clear motor-evoked BOLD response
(Fig. 2A, Figure S4B). To account for the delay, we additionally
analyzed LS’s motor data in cortical regions using the FLOBS (FMRIB’s
Linear Optimal Basis Sets) toolkit in FSL (West et al., 2019). This method
allowed us to specify the range of parameters that determine the shape
of the HRF. A set of basis functions was then generated whose weighted
combinations span possible HRFs that satisfy the specified parameters.
We set the initial delay of the HRF to range from O to 6 s to account for
the delay in LS’s BOLD signal and selected the first six basis functions
that collectively explain >95 % of the variance of the sample HRFs. Each
run of LS’s data was modeled with these six basis functions along with
nuisance regressors. Significance of the first basis function regressor,
which has the shape of a canonical HRF and implies motor activity
versus rest, denotes motor activation level. To assess model perfor-
mance, we sampled key regions of interest and calculated percentage
variance explained (R-square) of the experiment regressor and of the full
model of the FLOBS analysis and compared with the standard analysis.
This assessment verified improved model fit by FLOBS compared with
the standard analysis in LS’s motor cortex that was specifically
contributed by the experiment regressor (Figure S4B). No temporal
delay was observed in RF (Figure S3).

To directly compare each brain-damaged individual with controls,
we performed voxel-wise Crawford-Howell t-tests for each hand sepa-
rately (Crawford and Howell, 1998) on the t-value of the
movement-versus-rest contrast between each patient and controls across
the whole brain, masking out the lesioned areas of each patient. For LS,
this analysis was performed twice, once with results from the standard
analysis and once with the FLOBS analysis for reasons discussed above.
Results are thresholded at p < .01 and cluster-wise corrected at p < .05
based on GRF theory. Individual t-values were extracted from the
resulting regions and plotted to visualize the distribution. When noted,
Crawford-Howell t-tests were performed on the mean t-value across
voxels within an ROI to explore effects at the ROI level that may not
survive whole-brain multiple comparisons correction.

2.5.3. Visual control fMRI

Data were analyzed using the same pipeline as in the motor experi-
ment. The contrast of word versus fixation cross was computed within
each control participant and one-sample t-tests were performed on the t-
values within ROIs where LS and RF showed different levels of activa-
tion compared with controls.

2.5.4. Somatosensory fMRI

Data were analyzed using the same pipeline as with the motor
experiment, except the experiment regressor was generated based on the
design of the somatosensory experiment. The experiment regressor im-
plies the contrast of stimulation versus rest and its significance denotes
somatosensory activation level. Results were thresholded at p < .001
voxel-wise and cluster-wise corrected at p < .05 based on GRF theory.

3. Results
3.1. Impaired tactile abilities in LS and RF

Both LS and RF showed elevated detection thresholds on the con-
tralesional right hand (4 g and 8 g respectively), demonstrating dimin-
ished protective sensation. The ipsilesional left hand showed normal
detection thresholds (0.07 g for LS, 0.6 g for RF; Hage et al., 1998). In
addition, both individuals made significantly larger tactile localization
errors on the contralesional hand (LS: M = 51.5 mm, SD = 29.0 mm; RF:
M = 55.5 mm, SD = 32.6 mm) compared with the ipsilesional hand (LS:
M = 10.5 mm, SD = 10.1 mm; RF: M = 5.3 mm, SD = 7.1 mm; per-
mutation ps < 0.001; Figure S2A). LS demonstrated an impaired ability
in localizing the contralesional hand without vision (Contralesional
hand: localization judgment error = 93.5 mm, SD = 41.8 mm, Ipsilesional
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hand: M = 56.2 mm, SD = 42.6 mm, permutation p < .001; see
Figure S2B). These findings suggest that the motor deficits on the
contralesional hand of LS and RF when vision was not available likely
stem from degraded somatosensory feedback. We then examined how
the motor network in the brain responds to hand movement when so-
matosensory inputs are compromised due to S1 damage.

3.2. Contralesional motor activation

We first analyzed activation induced by movement of the right
(contralesional) hand in the brain-damaged individuals and controls. In
controls, movement of the right hand activated cortical sensorimotor
areas including contralateral left primary somatosensory and motor
cortex (SMCQ), left S2, bilateral dorsal premotor cortex (PMd) and sup-
plementary motor area (SMA; Fig. 2B). Subcortical activation was found
in left thalamus, bilateral putamen, and bilateral anterior (lobule V) and
posterior (lobule VIIIb) cerebellum.

In LS, the same cortical motor areas — left M1, bilateral PMd and SMA
—were activated as in controls (Fig. 2C). No activation was seen in left S1
and S2 due to the lesion. As with controls, bilateral putamen was acti-
vated. Thalamic activation was also found, albeit on the right side
ipsilateral to the moving hand. In addition, right supramarginal gyrus
(SMG) and middle occipital gyrus (MOG) responded to hand movement,
patterns not observed in controls. Finally, whereas the FLOBS analysis
did not reveal activation in cerebellum, the standard analysis (with
standard HRF) showed deactivation in lobule V in right cerebellum (see
Figure S5A for the time course and lag analysis in this region). Whole-
brain Crawford-Howell t-test between LS and controls revealed greater
activity in right MOG (Fig. 2F) and right putamen (Fig. 2E). The cere-
bellar deactivation in LS manifested as significantly lower activity
relative to controls (p = .001 at ROI level, Fig. 2E). The activity in MOG
in LS is unlikely driven by visual stimuli (i.e. word instructions vs. fix-
ation cross) because controls showed less activity in this area during
hand movement (Fig. 2F and 2G) and the same trend of deactivation was
seen during word presentation alone in the visual control experiment (t
(6) = —2.42, p = .052).

In RF, moving the contralesional hand resulted in significant activity
in bilateral PMd, SMA, as well as bilateral anterior cerebellum, as with
controls (Fig. 2D). There were three findings of note for RF. First, the
spared contralesional S1, along with M1, was activated, consistent with
controls. Second, ipsilateral (to the moving hand) primary sensorimotor
cortex was also activated, whereas controls only showed contralateral
activation. Finally, significant activity was found in right occipital lobe
including MOG. In contrast to LS and controls, no significant activity
was seen in bilateral putamen. Ipsilateral right S2, as opposed to left S2
in controls, was activated, therefore both S1 and S2 demonstrated
ipsilateral activation. Whole-brain Crawford-Howell t-test between RF
and controls revealed greater activation in right MOG, overlapping with
where LS had stronger activity, and in right S1 ipsilateral to the moving
hand (Fig. 2F). The activation in MOG is located at the parietal-occipital
sulcus and extends into Brodmann area (BA) 19 and BA37, close to and
dorsal-posterior to the extrastriate body area (EBA, Figure S6; Downing
et al., 2001; Peelen and Downing, 2005).

To summarize, while both LS and RF showed greater activation in
right MOG relative to controls, LS demonstrated subcortical changes
with higher activation in putamen and reduced activity in cerebellum,
whereas RF presented cross-hemispheric changes with increased activity
in contralesional S1 ipsilateral to the moving right hand.

Notably, the spared portion of left S1 in RF was activated by hand
movement, potentially indicating preserved somatosensory functions in
this area. On the other hand, the substantially impaired tactile and
proprioceptive abilities in RF are somewhat inconsistent with the
function of the spared left S1. Alternatively, the activation in S1 could be
a spread of M1 activation due to spatial smoothing. To tease apart these
possibilities, and to address the general question of how S1 damage
influences the rest of the somatosensory network, we conducted a
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somatosensory fMRI experiment on LS and RF, with the ipsilesional
hand serving as a within-subjects control.

3.3. Somatosensory activation

Despite substantial damage in S1, both individuals reported feeling
touch during the experiment. In RF, the spared portion of left S1 was also
activated by tactile stimulation on the contralesional right hand
(Fig. 3A), overlapping with motor activation, suggesting residual so-
matosensory function in this area. In addition, several ipsilateral (right)
areas including PMd, PMv, and IPS responded to tactile stimulation,
showing shared activation with the left hand activation (Fig. 3B). This
pattern is consistent with motor activation in that the somatosensory
activation shifted to the intact hemisphere. Tactile stimulation on the
left hand activated a wide sensorimotor network including right SMC,
right premotor and parietal cortex, bilateral LOTC, and bilateral cere-
bellum (Fig. 3B).

In LS, no activation in left S1 was seen due to the lesion. Neverthe-
less, tactile stimulation on the contralesional right hand activated as-
sociation areas including left S2, left PMd, left SMA, left frontal
operculum, right superior temporal sulcus, and right cerebellum
(Fig. 3C), suggesting alternative pathways to S1. These areas are
homotopic to areas activated by tactile stimulation on the ipsilesional
left hand (Fig. 3D). Overlapping the cerebellar area that was deactivated
when LS moved his right hand (Fig. 2C), we found activation elicited by
somatosensory stimulation of the left hand and no hemodynamic
response lag (Figure S3, Figure S5B), suggesting that the motor deac-
tivation in this area is unlikely driven by altered blood flow perfusion.

3.4. Ipsilesional hand movement
Finally, we present results when participants moved their left (ipsi-

lesional) hand. In controls, moving the left hand activated right SMC,
right PMd, bilateral SMA, and left S2 (Fig. 4A). Subcortical activation

A. RF’s right (contralesional) hand

Touch > Rest

p<.05(corr.) @) p<le-5 Z Motor activation

C. LS’s right (contralesional) hand
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was observed in right thalamus and bilateral cerebellum (Fig. 4A). The
same cortical sensorimotor areas, namely right SMC, right PMd, and
SMA, along with left cerebellum were also activated in LS (Fig. 4B). LS
also showed activation in ipsilateral left M1 and PMd, bilateral putamen,
and bilateral MOG (Fig. 4B). RF, with typical activation in right S1/M1,
right PMd, and SMA, also demonstrated significant activation in bilat-
eral occipital lobes that was not observed in controls (Fig. 4C).

Crawford-Howell t-tests revealed similar patterns as observed for
moving the contralesional right hand. Specifically, we found stronger
activation in right S1 in RF (Fig. 4D) and in bilateral putamen in LS
(Fig. 4D) compared with controls. LS also showed increased activation in
right S1 compared with controls at ROI level (p = .003). Right MOG was
more strongly activated in RF from the whole-brain analysis (Fig. 4D), as
well as in LS based on an ROI Crawford-Howell t-test (ROI-level p =
.007, Fig. 4D, point graph).

4. Discussion

We examined two brain-damaged individuals to study the reorga-
nization of somatosensory and motor functions after damage to S1. First,
when moving their contralesional right hand, RF (small island of
remaining S1) showed greater activation in ipsilateral right S1
compared with controls, while LS (no remaining S1 hand area) showed
greater activation in right putamen and surprisingly, less activation in
right cerebellum. Second, both LS and RF showed greater activity in
right MOG during movement compared to controls. Third, tactile stim-
ulation of the contralesional hand activated spared S1 in RF, whereas in
LS activation was seen in higher-order sensory and motor areas.

4.1. Cerebellar deactivation and increased activity in putamen in LS

Comparing LS with age-matched controls, we found greater activa-
tion in right putamen and less activation in right sensorimotor cere-
bellum, which was deactivated in LS during movement versus rest.

B. RF’s left (ipsilesional) hand

Operc/STG

Fig. 3. Somatosensory activation in RF and LS. A. Somatosensory stimulation on RF’s contralesional right hand activated the spared portion of left S1, overlapping
with the motor activation. B. Tactile stimulation on RF’s left hand activated right S1, S2, PMd, PMv, SMA, SPL, IPS, and bilateral LOTC. C. Despite near-complete
damage in S1, somatosensory stimulation on LS’s contralesional right hand activated higher-level sensorimotor areas including left SMA, PMd, S2, STG/frontal
operculum, right STS and cerebellum. D. Similar to RF’s ipsilesional hand, tactile stimulation on LS’s left hand activated right S1, S2, PMd, PMv, SMA, SPL, bilateral
STG/frontal operculum and cerebellum. SPL: Superior parietal lobule. IPS: Intraparietal sulcus. Operc: Operculum. STG: Superior temporal gyrus. STS: Superior

temporal sulcus. LOTC: Lateral occipital-temporal cortex.
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Fig. 4. Brain activation when participants moved the left hand. A. In controls, moving the left hand activated right SMC, SMA, PMd, thalamus, left PMv, S2, and
bilateral cerebellum. B. In LS, moving the left hand activated a similar motor network and additionally left and right MOG. C. In RF, moving the right hand activated
typical motor networks and additionally right occipital lobe. D. Whole-brain Crawford-Howell t-tests revealed significantly greater activity in right MOG (where
controls showed a significant deactivation) and S1 in RF relative to controls, and in bilateral putamen in LS relative to controls. ROI t-tests showed significantly

stronger activity in LOTC also in LS relative to controls.

In right cerebellum, while controls showed significant activation
during movement (lobules V-VI), LS demonstrated the opposite pattern —
less activation during movement versus rest. During movement execu-
tion, the motor system predicts the sensory consequence of a motor
command in compensation for delayed sensory feedback (Wolpert et al.,
1995), a process proposed to be performed by the cerebellum
(Blakemore et al., 2001; Izawa et al., 2012; Nowak et al., 2007; Shad-
mehr and Krakauer, 2008; Wong et al., 2019). The sensory prediction
function involves both cerebellum and S1, regions that project to
(Glickstein, 1997; Sultan et al., 2012) and modulate (Gold and Laur-
itzen, 2002; Kilteni and Ehrsson, 2020; Matsui et al., 2012; Restuccia
et al., 2001) each other. Moreover, an absence of sensory input (due to
neuropathies) but with intact S1 does not necessarily eliminate motor
activity in cerebellum, suggesting the importance of S1 integrity in
maintaining cerebellar activation (Weeks et al., 1999). In LS, we propose
that deactivation of cerebellum during movement reflects inhibition of
the sensory prediction function due to absence of sensory feedback and
reduced input from S1.

An alternative interpretation is that the cerebellar findings in LS are
due to hemodynamic lags caused by stroke (Amemiya et al., 2012;
Bonakdarpour et al., 2007). We consider these results to more likely
reflect deactivation for two reasons. First, hemodynamic lag is known to
occur in perilesional but not remote areas. One study examined blood
flow in patients with ischemia or hypoperfusion and found a delayed
hemodynamic response in bilateral motor cortex but not in cerebellum
(Amemiya et al., 2012). Second, the same area showed activation in the
somatosensory experiment with minimal HRF lag (see Figure S3,
Figure S5B). This suggests that our results are due to an actual change in
cerebellar function in the face of somatosensory damage. Our results
suggest a re-weighting of the motor system in compensation for absence

of S1, wherein the relative weight was increased for the loop responsible
for motor output (i.e., putamen), and decreased for the loop responsible
for sensory processing (i.e., cerebellum).

The basal ganglia are active during action selection and decision-
making, whereas cerebellum is responsible for estimating and process-
ing the sensory consequences of movement (Doya, 2000; Jueptner and
Weiller, 1998; Shadmehr and Krakauer, 2008). For example, the puta-
men is more strongly activated when performing self-timed versus
externally-cued movements in non-human primates (Lee et al., 2006)
and this activity is dramatically reduced for passive compared to active
movements (Jueptner and Weiller, 1998; Liles 1985). Furthermore,
patients with Parkinson’s disease, associated with basal ganglia degen-
eration, show substantial difficulty in performing voluntary actions
versus visually-guided action (Jackson et al., 1995; see also Mizes et al.,
2023a). The increased putaminal activity in LS may reflect increased
effort in selecting the correct motor plan (i.e., open or close the hand)
under diminished somatosensory feedback.

4.2. Increased activity in right S1 in RF

In RF, movement of the contralesional right hand activated typical
motor networks. In addition, ipsilateral (to the moving hand) S1 was
more strongly activated compared to controls, demonstrating reorga-
nization to the contralesional hemisphere. Interestingly, such bilateral
S1 activation was not observed in the somatosensory fMRI experiment
(Fig. 3), suggesting that it is specific to motor function. There is abun-
dant evidence for the involvement of contralesional motor cortex when
individuals with brain damage move the contralesional hand (Carey
et al., 2006; Favre et al., 2014; Grefkes and Ward, 2014; Rehme et al.,
2012; Ward et al., 2003), yet the involvement of contralesional
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somatosensory cortex remains unexplored. To our knowledge, this is the
first report of contralateral somatosensory activity subsequent to S1
lesion. Increased activation in the contralesional hemisphere may result
from decreased inhibition by the lesioned hemisphere or increased
reliance on ipsilateral (to the moving hand) sensorimotor pathways
(Grefkes and Ward, 2014; Medina and Rapp, 2008).

Why did LS and RF show substantially different activation patterns
despite lesioned S1 and spared M1 in both cases? We speculate that these
distinct reorganization patterns could be driven by different extents of
their S1 lesions. Whereas LS suffered a complete lesion of the hand area
in S1 and accordingly demonstrated no S1 activation for contralesional
hand tactile stimulation, RF had a spared strip of S1 along the anterior
bank that responded to touch. The spared tissue may represent residual
tactile information from the hand, maintaining the connections between
S1 and M1, basal ganglia, and cerebellum, thus preserving a typical
motor network. Moreover, the spared S1 may have driven cross-
hemispheric somatosensory reorganization via transcallosal connec-
tions (Grefkes and Ward, 2014). Animal studies found increased reor-
ganization in remote areas (e.g., bilateral premotor cortex) with larger
M1 lesions (Dancause et al., 2006; Dijkhuizen et al., 2003; Frost et al.,
2003; Touvykine et al., 2016), and more substantial reorganization
within S1 with more complete dorsal column lesions (Qi et al., 2019).
We report for the first time from human subjects the effect of the extent
of lesion size in the hand area in S1 on motor network organization. We
note that the lesion extent also differs in other brain regions between LS
and RF, with more severe damage in posterior parietal cortex (PPC) and
inferior frontal gyrus (IFG) in RF compared to LS. While we cannot
directly attribute the different motor activation patterns to specific le-
sions, the better manual abilities in RF, despite more severe lesions in
PPC and IFG, indicates that the spared tissue in S1 might play a key role
in the preservation of motor functions in RF.

4.3. Increased MOG activity in both LS and RF

In both RF and LS, contralesional hand movement elicited activation
in right MOG that was, surprisingly, significantly deactivated in con-
trols. The MOG cluster is located dorsal-posterior to the extrastriate
body area (EBA), a region that responds to images of body parts versus
other object categories (Figure S6; Downing et al., 2001; 2006; Pil-
gramm et al., 2016; Weiner and Grill-Spector, 2011). Although reported
to be activated by the execution of hand and tool-use actions (Brandi
et al.,, 2014; Gallivan et al., 2011; also see Hinkley et al., 2011), few
studies have specified the function of MOG in motor control. We present
two possible hypotheses for why it may be active in RF and LS. First,
MOG has been associated with processing feedback (Bermann et al.,
2012) and when the consequences of an action were incongruent with
the participant’s intention (Yomogida et al., 2010). One possibility is
that LS and RF relied more on active feedback monitoring relative to
controls, thus activating MOG. Second, MOG has been associated with
processing body stimuli, including viewing other people making ges-
tures (Husain et al., 2009), inferring others’ action intention in a visual
scene (Atique et al, 2011), and mental rotation of hand stimuli
(Vingerhoets et al., 2002). A second possible explanation is that LS and
RF adopt visual motor imagery in absence of sensory feedback (Ceko
et al., 2013; Ter Horst et al., 2012; Mercier et al., 2008), leading to
stronger MOG activity. We note that the underlying mechanism of MOG
involvement in motor control requires more experiments, yet our find-
ings provide the first evidence that visual cortex compensates for sen-
sory loss in motor control.

4.4. Neural correlates of tactile perception after S1 damage

In LS, tactile stimulation on the contralesional right hand activated
left S2 and frontal motor areas in absence of S1 activation. RF, however,
showed activation in spared left S1 as well as right association areas.
Both individuals reported feeling the touch during the experiment.
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Studies on both humans and non-human primates found that activity in
higher-level areas such as SMA, PMd, and S2, but not in S1, coincides
with conscious tactile detection (Grund et al., 2021; Hernandez et al.,
2002; Lafuente and Romo, 2005; Moore et al., 2013; Tame and Holmes,
2016). Along this line, sensory association areas may receive tactile
inputs from different routes in LS and RF, giving rise to their tactile
perception via different mechanisms. In LS, S2 may receive information
from thalamic projections and then send this tactile signal to frontal
motor areas (Friedman and Murray, 1986; Garraghty et al., 1991;
Hernandez et al., 2002; Rowe et al., 1996). In RF, the preserved S1 re-
ceives thalamic projections and feeds forward to higher-level areas. In
either case, tactile detection is supported by existing neural substrates,
but these substrates are insufficient to support accurate tactile
localization.

4.5. Study limitations

First, our study has a small sample size of two brain damaged in-
dividuals. While the rarity of the lesion pattern makes it difficult to
amass a large sample size, future research is needed to accumulate ev-
idence regarding motor reorganization after S1 damage. Second, our
interpretations of MOG activity in LS and RF are speculative and would
require additional experiments to test, for example, the visual control
experiment performed only in controls and a potential motor imagery
experiment to examine the role of MOG in imagery. Future studies may
directly test these hypotheses with more cases or controlled lesioning
methods in animal models.

In summary, we examined motor reorganization in two rare cases
with substantially damaged S1 but primarily intact M1. LS, with a more
profound lesion in S1 hand area, showed increased putaminal activation
and cerebellar deactivation when moving the contralesional hand,
suggesting re-balancing between motor output and sensory processing
within motor networks. RF, with a strip of S1 hand area spared,
demonstrated cross-hemispheric S1 reorganization. Both individuals
showed increased activity in right MOG compared to controls, indicating
compensatory visual imagery processes. These findings provide novel
evidence for long-range motor reorganization and visual recruitment
subsequent to S1 damage in human subjects, adding knowledge
regarding the differential roles across motor regions in sensorimotor
integration.
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