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Abstract

Motor cortical representations reorganize following cervical spinal cord injury (SCI). The
functional role of this reorganization remains largely unknown. Using neuronavigated transcranial
magnetic stimulation, we examined motor cortical maps during voluntary contraction in humans
with chronic cervical SCI and age-matched controls. We constructed motor maps in the first dorsal
interosseous (FDI) muscle at rest and during voluntary contraction of the FDI with and without
voluntary contraction of the biceps brachi (BB). The role of sensory input into this reorganization
was examined by muscle-tendon vibration. We found, at rest, that motor maps were larger in SCI
(22.3 cm?) compared with control (12.6 cm?2, P < 0.001) participants. Motor map area increased
during voluntary contraction of the FDI (120.7%) and further increased during contraction of

the BB (143.9%) compared with rest in control subjects; however, motor map area decreased
during voluntary contraction of the FDI (69.5%) and further decreased during contraction of the
BB (55.5%) in individuals with SCI. SCI participants with larger decreases in map area during
voluntary contraction of the FDI were those with larger sensory deficits in the hand and 10
minutes of hand muscle-tendon vibration increased motor map area. These results provide the
first evidence of abnormal changes in motor cortical maps in humans with chronic SCI during
voluntary contraction, suggesting that sensory input can help to reshape this reorganization.
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Introduction

Animal models of traumatic spinal cord injury (SCI) have demonstrated changes in the
topographic organization in the motor cortex, showing that cortical areas occupied by still
intact axons are enlarged and occupy retracted regions (Fouad et al. 2001; Nishimura et
al. 2007; Martinez et al. 2010; Kambi et al. 2011; Tandon et al. 2013). In agreement,
electrophysiological studies in humans with SCI using transcranial magnetic stimulation
(TMS) over the primary motor cortex revealed larger motor cortical maps in muscles
where motoneurons are located close to the injury site compared with uninjured control
subjects (Levy et al. 1990; Cohen et al. 1991; Topka et al. 1991; Jurkiewicz et al. 2007).
Despite these numerous reports of cortical reorganization, the extent of reorganization on
motor cortical representations during voluntary contraction following SCI remains largely
unknown.

In uninjured humans, the area of motor maps examined by TMS changes during voluntary
contraction. For example, the area of motor maps in distal arm muscles increase in area
during tonic isometric voluntary contraction compared with rest (Ridding et al. 1995; Wilson
et al. 1995; Classen et al. 1998; Ngomo et al. 2012; van de Ruit & Grey, 2016). These
changes have been interpreted as the unmasking of silent corticospinal neurons responsible
for muscle activity due to increased excitability in the corticospinal pathway (Classen et al.
1998; van de Ruit & Grey, 2016). Intrinsic connections exist between distal and proximal
representations of the primary motor cortex (Gould et al. 1986; Huntley & Jones, 1991) and
there is a large overlap between distal and proximal motor maps (Devanne et al. 2002). In
agreement, functional magnetic resonance imaging (fMRI) (Grafton et al. 1993) and TMS
(Devanne et al. 2002; Dominici et al. 2005; Ginanneschi et al. 2005) studies in humans
showed that motor tasks that involve distal and proximal arm muscles engage overlapping
motor cortical regions. Furthermore, a voluntary contraction of a proximal arm muscle
increases the area of a motor map in a hand muscle (Ty¢ & Boyadjian, 2011). Thus, it is
expected that motor maps in a hand muscle will increase during voluntary contraction and
will further increase during additional contraction of a proximal arm muscle.

Although no information exists about changes in motor maps during a voluntary behavior
following SCI, other available data allows us to make some predictions. The size of motor
evoked potentials (MEPs) elicited by cortical (Davey et al. 1999; Bunday et al. 2014) and
subcortical (Vastano & Perez, 2020) stimulation in intrinsic hand muscles, which are used
to construct motor maps, increases during tonic voluntary contraction in humans with SCI
but to a much lesser extent compared with control subjects. Additionally, in contrast to
controls, the size of MEPs in hand muscles remains unchanged by voluntary contraction

of proximal arm muscles in people with SCI (Bunday & Perez, 2012). Motor cortical map
area is reduced after loss of sensory input at rest (Rossini et al. 1996) and during voluntary
contraction (Rossi et al. 1998) and people with SCI show deficits in sensory function
(Ozdemir & Perez, 2017). We hypothesized that in humans with chronic incomplete cervical
SCl, a voluntary contraction results in reduced facilitatory effects on motor maps compared
with control subjects related, at least part, to changes in sensory input.
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Methods and Methods

Participants.

Twenty-two individuals with SCI (54.4 + 14.5 years, three females; Table 1) and 17 age-
matched uninjured controls (48.1 + 15.6 years, six females) participated in the study. All
participants gave informed consent to experimental procedures, which were approved by
the local ethics committees at the University of Miami (IRB protocol number 20150069).
The study was performed in accordance with the Declaration of Helsinki. SCI participants
had a chronic injury (= 1 year) and were classified using the International Standards for
Neurological Classification of Spinal Cord Injury (ISNCSCI) exam as having a C2—C8 SCI
and by the American Spinal Cord Injury Association Impairment Scale (AlIS) as AIS A (n =
2), AIS C (n =12) or AIS D (n = 8; Table 1). Two of the SCI participants were classified as
AIS A (complete injury) due to the lack of sacral sparing (Marino et al. 2003) despite being
able to perform voluntary contraction with finger and arm muscles.

EMG recordings.

EMG was recorded from the first dorsal interosseous (FDI), abductor digiti minimi (ADM),
and biceps brachi (BB) muscles of the right side (dominant side) in controls and the less
affected side in SCI participants through surface electrodes (Ag-AgCl, 10 mm diameter),
secured to the skin over the muscle belly (Fig. 1B). EMG signals were amplified and filtered
(bandwidth 30-2000 Hz) with a bioamplifier (NeuroLog System, Digitimer, Welwyn Garden
City, UK) and then converted to digital data with a sampling rate of 5 kHz with an A/D
converter (CEDMicro 1401 with Signal software, Cambridge Electronic Design, Cambridge,
UK) and stored on a computer for off-line analysis.

Experimental procedures.

Participants sat on an experimental chair with the elbow flexed by 90°, the forearm pronated,
and the wrist strapped to an armrest (Fig. 1A). At the beginning of each experiment,

three maximum voluntary contractions (MVCs) were performed for 3-5 s into index finger
abduction (controls = 702.2 + 191.3 uV, SCI = 354.6 + 200.2 uV; P < 0.001), little finger
abduction (controls = 976.2 + 251.9 puV, SCI = 393.4 + 438.6 pV; P = 0.03), and elbow
flexion (controls = 724.8 + 307.9 uV, SCI = 796.3 + 416.2 uV; P = 0.6) separated by 30

s of rest. MV C values were used to normalize the level of contraction across muscles and
participants. We selected the FDI muscle to examine motor maps in the hand representation
of the primary motor cortex because of its strong corticomotoneuronal projections (Buys et
al. 1986; Ziemann et al. 2004), extensive information existing about corticospinal control

of this muscle in people with and without SCI (Barry et al. 2013; Bunday et al. 2014;
Cirillo et al. 2016; Federico & Perez, 2017; Jo & Perez, 2019), and its low TMS threshold.
To avoid unwanted muscle contractions of the BB during tasks involving only FDI muscle
contraction, we tested motor maps in the FDI during 5% of isometric MVC. Note that this
low level of voluntary contraction with a hand muscle minimizes activation of proximal arm
muscles (Soteropoulos & Perez, 2013). Motor maps in the FDI were tested in a randomized
order with the FDI muscle at rest (condition referred as ‘rest’; controls, n = 17; SCI, n =
15), during 5% of FDI isometric MVC (condition referred to as ‘FDI’; controls: FDI = 5.1
+ 0.3% of MVC, n=17; SCI: FDI = 5.2 + 1.0% of MVC, n = 15) and during 5% of
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FDI isometric MVC and 5% of BB isometric MVC (condition referred to as ‘FDI + BB’;
controls: FDI = 5.4 + 0.5% of MVC, BB = 5.5 + 5.0% of MVC, n = 10; SCI: FDI =5.0
+0.5% of MVC, BB = 7.1 + 4.8% of MVC, n = 11). To assess if our effects were specific
to interactions between distal and proximal cortical representations, in an additional control
experiment, we tested if muscle contraction of the ADM affected motor maps in the FDI.
Thus, FDI motor maps were tested during 5% of FDI isometric MVC and 5% of ADM
isometric MVC (condition referred to as ‘FDI + ADM?’; controls, FDI = 5.4 + 0.5% of
MVC, ADM =5.3 + 4.0% of MVC, n = 6; SCI, FDI =5.1 + 0.5% of MVC, ADM =6.7 +
2.6% of MVVC, n = 7). As in previous studies (Bunday et al. 2014; Vastano & Perez, 2020),
EMG activity from each muscle tested was displayed continuously on an oscilloscope and
verbal feedback was provided to ensure that physiological measurements were acquired at
similar EMG activity at all times. A familiarization trial was completed at the beginning of
each experiment to ensure that subjects were able to match EMG activity in each muscle
tested during each task.

We delivered TMS using a Magstim 2002 stimulator (Magstim, Whitland, UK) through

a figure-eight coil (custom made loop diameter, 70 mm; type number SP15560) with a
monophasic current waveform. The hot spot for eliciting the largest MEP in the FDI was
determined with the coil held tangential to the scalp and the handle pointing backward,

45° away from the midline of the brain to induce the currents in the brain flowing in a
posterior-anterior direction. At the hot spot, we measured resting (RMT) and active (AMT)
motor threshold. RMT was defined as the minimal stimulus intensity required to induce
MEPs > 50 uV peak-to-peak amplitude above the background EMG in 5/10 consecutive
trials in the relaxed muscle. AMT was defined as the minimal stimulus intensity required
to induce MEPs > 200 uV peak-to-peak amplitude above the background EMG in 5/10
consecutive trials during 5% of MV C (Table 2) (Rothwell et al. 1999). The maximal MEP
(MEP-max) was quantified by increasing stimulus intensities in 5% steps of maximal device
output until the MEP amplitude did not show additional increases. The maximal motor
response (M-max) was evoked by supramaximal electrical stimulation of the ulnar nerve at
rest (Table 2).

To generate motor maps in the FDI muscle, we used a frameless stereotactic neuronavigation
system (Brainsight, Rogue Research, Montreal, Canada) that allowed us to position the TMS
coil over specified mapped targets. TMS targets were presented on a grid superimposed on

a 3D brain image for each participant (Fig. 1B). The grid was centered at the intersection
where the central sulcus met the longitudinal fissure on the dorsal aspect of the brain (red
grid point in Fig. 1B) and extended 10 cm lateral, 9 cm anterior, and 3 cm posterior from

the center with 1 cm spacing (Kleim et al. 2007; Freund et al. 2011b). Ten single pulses
were given at each grid point at 4 s intervals with intensity at 120% of RMT [controls =

52.0 + 12.4% of the maximal stimulator output (MSO), SCI = 67.1 + 12.3% of MSO, P

= 0.001]. Stimulation started at the grid point closest to the hot spot where the RMT was
measured, and the motor map area was defined as adjacent points in all directions until 10
TMS pulses did not elicit = 5 MEPs according to the criterion for RMT and AMT (Rest:
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controls = 24.2 + 2.4 points; SCI = 39.5 + 6.9 points, P < 0.001; FDI: controls = 31.3 £

4.4 points, SCI = 31.7 £ 7.0 points, P = 0.8; FDI + BB: controls = 33.6 £ 4.5 points, SCI =
26.5 + 5.4 points, P = 0.004; FDI + ADM: controls = 32.0 £ 4.6 points, SCl = 32.3 £ 6.9
points, P = 0.9). Background EMG was measured 100 ms before the TMS stimulus artifact.
Motor maps were constructed with MATLAB 7.10 (MathWorks, Natick, MA, USA) using
an interpolated method based on the MEP amplitude in all grid points stimulated (Uy et al.
2002). The center of gravity (CoG) of each motor map was calculated using the following
formula (Wassermann et al. 1992):

Y x;MEP; Y yiMEP; Y z;MEP;
S MEP; = 3 MEP; ' Y MEP;

CoG(x,y,z) =

where X, y, and zare grid points transformed into the Montreal Neurological Institute
coordinate frame. MEP s the peak-to-peak amplitude of the MEP.

Electrical perceptual threshold (EPT).

We used the EPT to assess residual sensory function in hand muscles (Macklin et al. 2016).
Testing was conducted using constant current square wave electrical pulses (0.5 ms pulse
width duration, 3 Hz stimulation frequency, DS7A, Digitimer). Stimuli were delivered to
the skin over the sensory key point of dermatomes C6, C7, and C8, which corresponded

to the index (C6), long (C7), and ring and little (C8) fingers, by using disposable adhesive
electrodes. The cathode was positioned over the sensory key point of the dermatome tested
and the anode was placed on the ipsilateral arm of the applied stimulus. The stimulus
intensity was manually increased in increments of 0.1 mA up to 10 mA. Each subject was
given a familiarization trial run in order to recognize the electrical pulses. Subjects were
asked to report verbally when the first sensation was felt. The procedure was repeated three
times on each dermatome, and the EPT (mA) was calculated as the mean of the intensities
when sensation just disappeared during each trial (lowest descending stimulus intensity).
The perceived stimulus was described as a light ‘tapping’ or gentle ‘pulsing’ sensation, and
was not reported as painful by any of the subjects. Subjects were blind to the amplitude of
the stimulus current.

Tendon vibration.

To examine the contribution of afferent input to changes in motor cortical maps in SCI
participants, we tested the effect of vibration of the FDI tendon (n = 7) using a previously
established protocol (Marconi et al. 2008, 2011). Muscle spindle primary endings (la fibers)
respond optimally to vibration at frequencies of 60-120 Hz (Roll et al. 1989). Vibration was
applied over the tendon of the FDI muscle during 10% of MVC for 10 min at a frequency

of 66 Hz. The vibrator was transcutaneously attached to the distal FDI tendon and fixed to
keep vibratory amplitude low so any Kinesthetic illusion or tonic vibrator reflex were not
induced (Marconi et al. 2008, 2011). Before and immediately after vibration, motor cortical
maps were measured at rest, during FDI contraction, and during FDI and BB contraction, in
a randomized order. To minimize the testing duration for acquiring each motor map, we used
a random-walk stimulation technique (van de Ruit et al. 2015; van de Ruit & Grey, 2016). In
8 x 9 cm of a target space (8 cm lateral, 7 cm anterior, and 2 cm posterior from grid center),
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five sets of 20 TMS pulses at an intensity of 120% of the RMT were randomly delivered
with an inter-stimulus interval of 2 s.

Data analysis.

Results
MVC

Motor maps

Normal distribution of data was tested by the Shapiro-Wilk’s test. When normality was

not assumed, data were transformed to a logarithmic scale for later statistical analysis
(Cirillo et al. 2016). Sphericity was tested using Mauchly’s test. When sphericity could

not be assumed, the Greenhouse-Geisser correction statistics was used. Repeated-measures
ANOVA were performed to determine the effect of GROUP (controls, SCI) and TASK (rest,
FDI) on motor map area, CoG, and mean background EMG activity. Repeated-measures
ANOVAs as a mixed model were also performed to determine the effect of GROUP and
TASK (rest, FDI, FDI + BB) on motor map area, CoG, and mean background EMG
activity. Repeated-measures ANOVA was also performed to determine the effects of TASK
(rest, FDI, FDI + BB) and TIME (before, after) of tendon vibration on motor map area.
Repeated-measures ANOVAS as a mixed model were also performed to determine the effect
of GROUP and CONTROL TASK (rest, FDI, FDI + ADM) on motor map area, CoG, and
mean background EMG activity. Motor map area and CoG at rest, RMT, AMT, MEP-max,
M-max, and MV Cs were compared between GROUPs by an independent-samples t test.
Post hoc comparisons were conducted with multiple t tests with Bonferroni’s correction.
Pearson’s correlation analysis was conducted as needed. Statistical significance was set at
alpha < 0.05. Group data are presented as the mean + standard deviation in the text.

During MVC, EMG activity in the FDI [controls = 702.2 £ 191.3 uV, SCI = 354.6 + 200.2
uV, t=5.2, d.f. = 30, P < 0.001, Cohen’s d effect size (d) = 0.6] and ADM (controls = 976.2
+251.9pV, SCI =393.4 £438.6 uV, t = 2.4, d.f. = 10, P = 0.03, d = 1.4) was significantly
smaller in SCI participants compared with control subjects. However, EMG activity in the
BB muscle was similar across groups (controls = 724.8 + 307.9 pV, SCI = 796.3 £ 416.2 PV,
t=-0.54, d.f. =19, P = 0.6).

at rest

Figures 2A and B show motor maps in the FDI muscle at rest in a representative SCI and
control participant. Note that the map was larger in the SCI compared with the control
participant. Group comparisons revealed that motor map area was larger in SCI (22.3 + 6.6
cm?) compared with control (12.6 + 2.5 cm?, t = 6.8, d.f. = 30, P < 0.001, d = 2.2; Fig. 2C)
participants. Larger areas were observed in the majority of SCI participants (11/15, 180.4
+ 49.6% of rest, range from 116.1 to 280.3% of rest). Mean background EMG was similar
between groups (controls =2.0 £ 0.5 uV, SCI =2.1 £ 0.7 uV, t = -0.6, d.f. = 30, P = 0.6).

Because the stimulus intensity used to construct motor maps was higher in SCI (67.1 +
12.3% of MSO) compared with controls (52.0 + 12.3% of MSO, d.f. =30,t=-3.5, P <
0.001, d = 1.2), in an additional control experiment (controls, n = 10; SCI, n = 10), we
compared motor maps in participants with similar RMT (controls = 48 + 11.1% of MSO,
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SCI =49.4 £ 7.3% of MSO, t =-0.3, d.f. = 18, P = 0.8). Here, we also found that motor
map area was larger in SCI (21.7 + 4.6 cm?2) compared with controls (12.7 + 2.9 cm?, t =
-5.2,d.f. =18, P <0.00, d = 2.3; Fig. 2D). The axes of the CoG were also similar across
groups (x-axis, controls =-39.3 + 5.0 mm, SCI =-37.5+£3.9mm,t=-1.1,d.f. =30,P =
0.3; y-axis, controls = -12.1 + 59 mm, SCI =-9.7 £ 8.5 mm, t=-0.9, d.f. =30, P = 0.2;
z-axis, control =57.7 £ 4.4 mm, SCI =56.2 + 4.4 mm, P = 0.2).

Motor maps during voluntary contraction

Figure 3 shows motor maps in the FDI muscle at rest and during isolated voluntary
contraction in representative participants from each group. Note that motor map area was
larger during voluntary contraction compared with rest in the control subject but decreased
in the SCI participant. Importantly, we observed similar changes in the control participant
when the area of the resting motor map was matched to the SCI participant.

Repeated-measures ANOVA showed an effect of GROUP (F1 30 = 10.42,d.f.=1,P =
0.003), TASK (F1 .30 =4.91, d.f. = 1, P = 0.03) and in their interaction (F1 30 = 48.48, d.f.
=30, P <0.001) on motor map area. We found that motor map area in the FDI increased
during voluntary contraction compared with rest in 16/17 control subjects (15.8 + 3.1 cm?,
range from 11.0 to 20.5 cm?, P = 0.002, d = 1.1; Fig. 3A). In contrast, motor map area in
the FDI decreased during voluntary contraction compared with rest in 14/15 SCI participants
(15.2 + 5.7 cm?, range from 9.1 to 30.5 cm?, P < 0.001, d = 1.3; Fig. 3B). During voluntary
contraction the absolute area of motor maps (controls = 15.8 + 3.1 cm2, SCI = 15.2 + 5.7
cm?, P = 0.4) and the mean background normalized EMG (controls = 5.1 + 0.3% of MVC,
SCI =5.26 + 1.0% of MVC; P = 0.6) were similar between groups. Because the RMT

in the FDI muscle was higher in SCI compared with control participants, in an additional
control experiment, we examined motor maps in controls (n = 9) when the stimulus intensity
was increased to match the intensity used in SCI participants (controls = 60.4 + 9.8% of
MSO, SCI =67.1 £ 12.3% of MSO, t =-1.4, d.f. =22, P = 0.1). Similar to our previous
results, here we found that maps obtained during voluntary contraction in the FDI were
larger compared with rest (rest = 22.8 + 4.5 cm?, range from 15.6 to 26.7 cm?2, FDI = 26.9
+5.9 cm?, range from 16.8 to 32.2 cm?, t = 4.2, d.f. =8, P = 0.003, d = 0.8; Fig. 3C).
Because the FDI was weaker in SCI compared with control participants, in an additional
control experiment, we also matched FDI EMG levels during the acquisition of motor maps
across groups (control =28.3 + 8.5 uV, SCI =28.0 £ 5.3 uV,t=0.1, d.f. =15, P =0.9) and
similar results were found [effect of GROUP (Fy 15 = 14.0, P = 0.002), TASK (Fy 15 = 2.58,
P =0.1) and in their interaction (F1 15 = 17.4, P <0.001)]. In controls maps increased 12.7
+ 2.9 cm? (range from 7.6 to 18.0 cm?) to 16.1 + 3.4 cm? (range from 11.0 to 20.5 cm?2, P =
0.04,d = 1.1). In SCI, maps decreased 24.9 + 7.8 cm? (range from 15.3 to 35.4 cm?) to 17.1
+ 3.8 cm? (range from 11.4 to 20.5 cm?2, P = 0.003, d = 1.3).

Figures 4A and B show motor maps at rest and during voluntary contraction of the FDI
and during voluntary contraction of the FDI and BB muscles (FDI + BB) in representative
participants from each group. Note that in the control subject, motor map area increased
during FDI contraction and further increased during contraction of the FDI and BB
compared with rest. In contrast, the motor map area gradually decreased in the SCI
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participant. Repeated-measures ANOVA showed an effect of TASK (F1 292 24552 = 6.20,

e = 0.65, P = 0.005) and not GROUP (F1 19 = 3.47, P = 0.08), but in their interaction (F 35
= 32.32, P <0.001) on motor map area. We found that motor map area was larger during
FDI (15.3 + 2.9 cm?, range from 11.2 to 19.0 cm2, P = 0.03, d = 0.8) and FDI + BB (17.8
+ 3.3 cm?, range from 12.5 to 22.7 cm?2, P = 0.01, d = 1.6) voluntary contractions compared
with rest (12.9 + 2.9 cm?; Fig. 3C). Note that motor maps area increased largely during
contraction of FDI and BB compared with isolated contraction of the FDI (P =0.01, d =
0.8).

In SCI participants, motor map area decreased during FDI (16.8 + 5.7 cm?, range from 11.2
to 30.5 cm?, P = 0.009, d = 1.4) and FDI + BB (13.2 + 5.1 cm?, range from 5.9 to 24.5

cm?, P =0.001, d = 2.1) voluntary contraction compared with rest (24.9 + 5.9 cm?; Fig. 4D).
Notably, motor map area decreased largely during contraction of FDI and BB compared with
isolated contraction of the FDI (P = 0.01, d = 0.7). In comparisons across groups, we found
that the area of motor maps during contraction of FDI and BB muscles was smaller in SCI
compared with controls (P = 0.02, d = 1.1), but the motor map area at rest was larger in

SCI compared with controls (P < 0.001, d = 2.6). Mean background EMG was similar across
groups at rest (t =-1.2, d.f. = 19, P = 0.24) and during voluntary contractions (F 19 = 0.4,
d.f. =1, P =0.6). Motor map CoGs were also similar across groups (x-axis, F1 19 = 0.05, P =
0.8; y-axis, F1 19 = 0.06, P = 0.8; z-axis, F1 19 = 0.7, P = 0.4) and between rest, FDI and FDI
+ BB voluntary contractions (x-axis, Fp 3g = 2.4, P = 0.1; y-axis, F, 33 = 0.6, P = 0.6; z-axis,
F238 = 1.8, P = 0.2) along each axis.

We also compared motor maps at rest, during voluntary contraction of the FDI muscle

and during voluntary contraction of the FDI and ADM (FDI + ADM) muscles. Repeated-
measures ANOVA showed an interaction of CONTROL TASK x GROUP (F; 2, = 16.63, P
< 0.001) but not an effect of CONTROL TASK (F1 17 = 4.41, P = 0.1) or GROUP (F; 22
=0.38, P =0.7) on motor maps area. We found in control subjects that motor maps area
increased during FDI (15.5 + 3.2 cm?2, P = 0.02, d = 1.1) and FDI + ADM (15.6 + 4.4 cm?,
P =0.03, d = 1.9) compared with rest (11.6 + 2.5 cm?2). No differences in maps area were
observed across voluntary contractions (P = 0.9). However, in SCI participants, motor map
area decreased during FDI (17.3 6.7 cm?, P = 0.001, d = 1.1) and FDI + ADM (17.1 +

5.5 cm?2, P = 0.001, d = 1.7) compared with rest (24.7 + 6.6 cm2) with no differences across
voluntary contractions (P = 0.9). We also found that during voluntary contraction, motor
map area was similar during FDI (P = 0.7) and FDI + ADM (P = 0.6) across groups although
maps area at rest was larger in SCI compared with control participants (P < 0.001, d = 2.6).
Mean background EMG was similar across groups at rest (t =-0.4, df =11, P =0.3) and
during voluntary contraction (Fy 11 = 1.8, P = 0.2). Motor map CoGs were similar across
groups (x-axis, F1 11 = 2.0, P = 0.2; y-axis, F1 11 = 0.9, P = 0.8; z-axis, F1 11 = 0.2, P = 0.6)
and between rest, FDI, and FDI + ADM (x-axis, Fp 2p = 2.6, P =0.1; y-axis, Fppp = 1.3, P =
0.3; z-axis, Fy 22 = 0.7, P = 0.5) along each axis.

Sensory function and muscle-tendon vibration

We examined the relationship between changes in motor map area during voluntary
contraction and sensory function in SCI participants (n = 11). We found a negative
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correlation between EPT at C6 and changes in motor map area during FDI and FDI and BB
voluntary contractions (r = 0.6, P = 0.002, Fig. 5A). However, the changes of motor map
area during voluntary contraction were not significantly correlated with the EPT measured
at dermatomes C7 (r = -0.05, P = 0.9, Fig. 5B) or C8 (r =-0.1, P = 0.8, Fig. 5C).

Note that individuals with larger decreases in motor map area during voluntary contraction
compared with rest were those needing higher intensity during EPT testing in the index
finger dermatome.

Figure 6A shows motor maps at rest, as well as during FDI and FDI + BB voluntary
contractions before and after 10 min of FDI muscle-tendon vibration in a representative
SCI participant. Note that before vibration, motor map area decreased during FDI voluntary
contraction and further decreased during FDI + BB voluntary contraction compared with
rest (Fig. 6B upper graph). After vibration, motor map areas during voluntary contraction
increased compared with rest. Repeated-measures ANOVA revealed an effect of TASK
(F1.11667 = 6.1, =0.5,P =0.04), no TIME (F1 6 = 3.3, P = 0.1) but in their interaction
(F2,12 = 31.4, P < 0.001) on motor map area. A post hoc test revealed that motor maps

area decreased during voluntary contraction compared with rest (FDI, P =0.03,d = 1.2;
FDI + BB, P = 0.008, d = 1.8) before vibration (Fig. 6B upper graph). Consistent with

our previous results, we found that maps were smaller during FDI + BB compared with
FDI voluntary contraction (P = 0.02, d = 0.8). After vibration, motor maps obtained during
voluntary contraction increased in area (FDI = 129.3 + 31.6%, P = 0.03, d = 0.8; FDI + BB
=153.5 + 36.0%, P = 0.004, d = 1.7, Fig 6B lower graph), although motor maps at rest did
not show any changes (89.0 £+ 18.1%, P = 0.13). Motor map areas were similarly increased
during FDI and FDI + BB voluntary contractions after vibration (P = 0.08).

Discussion

Our novel findings demonstrate abnormal changes in motor maps during voluntary
contraction in humans with chronic incomplete cervical SCI. In control subjects, motor
maps area in a hand muscle increased during voluntary contraction and further increased
when a proximal arm muscle was contracting compared with rest. We found the opposite
effect in people with SCI. In SCI participants, the area of motor maps in a hand muscle
decreased with voluntary contraction and further decreased when a proximal arm muscle
was contracting. No additional changes in map area occurred when adjacent distal hand
muscles were contracting in both groups, suggesting that changes in motor cortical
representations were related to voluntary contraction of proximal and distal arm muscles.
People with SCI with larger decreases in map area during voluntary contraction were those
with larger sensory deficits in the hand and, 10 min of hand muscle-tendon vibration
increased motor map area. We hypothesized that sensory stimulation might represent a
strategy to restore reorganization of motor cortical maps after chronic injuries to the spinal
cord.

Reorganization of motor maps at rest and during voluntary contraction

At rest, we elicited MEPs in the FDI muscle from a larger number of cortical sites in SCI
compared with control participants, which is consistent with results showing expansion of
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motor maps after SCI (Levy et al. 1990; Cohen et al. 1991; Topka et al. 1991; Streletz

et al. 1995). This agrees with neuroimaging studies showing expansion in the primary
motor cortex within the first months after SCI (Jurkiewicz et al. 2007). Studies integrating
TMS mapping with fMRI have demonstrated good co-validation between these methods
(Wassermann et al. 1996; Krings et al. 1997; Classen et al. 1998), suggesting that TMS
mapping is sensitive enough to detect changes in cortical reorganization. For example, TMS
mapping studies have demonstrated a somatotopical arrangement of cortical upper limb
muscle representations (Brasil-Neto et al. 1992; Wilson et al. 1993) that agrees with the
traditional homunculus extended over the lateral surface of the precentral gyrus (Penfield

& Boldrey, 1937). We found that the mean CoG of the FDI muscle was located on the
posterior lip of the precentral gyrus. This location corresponds to the location of the highest
density of corticospinal neurons in the posterior bank of the precentral gyrus (Porter &
Lemon, 1995). The fact that the location of the CoG was similar in both groups supports
the view that expanded motor maps after SCI resulted from adaptive changes within residual
motor cortical regions rather than infiltration of spared muscle representations to fulfill
retracted areas. If enlarged motor maps resulted from invasion from other spinal segment
representation, we might expect that the CoG location would have shifted towards the
invaded area (Streletz et al. 1995; Bruehlmeier et al. 1998; Lotz et al. 1999, 2006; Freund et
al. 2011a, b).

A critical question is how motor maps in SCI participants changed during voluntary
contraction. Our findings in control subjects agree with previous studies reporting that
motor map area increases during tonic voluntary contraction compared with rest (Ridding
& Rothwell, 1995; Classen et al. 1998; van de Ruit & Grey, 2016). Notably, performance
of the same motor task resulted in smaller motor maps in people with SCI. We favor the
hypothesis that sensory input played a role in the suppression of motor cortical maps in SCI
participants. This is consistent with our results showing that SCI participants with larger
sensory deficits showed a larger decrease in motor map area during voluntary contraction.
This also agrees with evidence in adult monkeys showing that, after chronic lesions of the
dorsal columns, movements can be elicited from a significantly fewer number of sites in
the primary motor cortex compared with uninjured monkeys (Kambi et al. 2011). In control
subjects, deprivation of sensory input reduces motor map area at rest (Rossini et al. 1996)
and during voluntary contraction (Rossi et al. 1998). We also found that 10 min of FDI
muscle-tendon vibration increased the area of motor maps during voluntary contraction in
SCI participants, as previously found in control subjects (Hamdy et al. 1998; Ridding et

al. 2000, 2001; Kaelin-Lang et al. 2002; Charlton et al. 2003). It still remains unclear how
sensory tendon-vibration modifies motor maps in humans. Sensory input is filtered (‘gated”)
at different levels of the ascending sensory pathway during voluntary contraction (Ghez &
Pisa, 1972; Chapman et al. 1988; Seki & Fetz, 2012; Lei & Perez, 2017). If afferents from
somatosensory areas terminating in the primary motor cortex (Jones et al. 1978; Pons &
Kaas, 1986; Ghosh et al. 1987; Darian-Smith et al. 1993) reorganize after spinal lesions
(Jain et al. 1998; Tandon et al. 2009), the hand region of the motor cortex will receive
abnormal inputs from the somatosensory cortex. A possibility is that this reorganization
affected our results.
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Another intriguing observation is that the area of motor maps acquired during voluntary
contraction of a hand muscle further increased when a proximal arm muscle was contracting
in controls but decreased in SCI participants. This is consistent with evidence showing

that voluntary contraction of a proximal arm muscle has facilitatory effects on MEPs
recorded in distal hand muscles in controls (Soteropoulos & Perez, 2011) but not in

people with SCI (Bunday et al. 2012). Intrinsic connections exist between regions within
the forelimb representation of the primary motor cortex (Gould et al. 1986; Huntley &
Jones, 1991). fMRI (Grafton et al. 1993) and TMS (Devanne et al. 2002; Dominici et al.
2005; Ginanneschi et al. 2005) studies in humans showed that motor tasks that involve
distal and proximal arm muscles engage overlapping motor cortical regions. Therefore, our
changes in motor map area might be related to interactions between distal and proximal
cortical representations. Indeed, in controls, voluntary contraction of distal and proximal
arm muscles results in further expansion of motor maps compared with contraction of hand
muscles alone (Ty¢ & Boyadjian, 2011). This is also supported by our results showing

no additional changes in the area of a hand motor map when another hand muscle was
contracting in both groups, consistent with previous findings (Aimonetti & Nielsen, 2002;
Jono et al. 2015).

Functional implications

These results suggest that sensory input can help to re-establish motor map dimensions
during voluntary contraction in people with SCI. This is consistent with previous studies
suggesting that additional sensory input might contribute to improve hand and upper limb
function after SCI (Backus et al. 2014; Hoffman & Field-Fote, 2013; Gad et al. 2018;
Benavides et al. 2020). Although the role of motor maps remains debatable, there are clear
demonstrations that changes in motor maps are associated with learning and functional
recovery (Xerri, 2012). Several interpretations of our data are possible. One possibility is
that the reduction in motor map area during voluntary contraction in participants with SCI
reflects an active process that contributes to maximize the control of residual connections
from the primary motor cortex after SCI. Improvements in performance after practice in
specific cases have been associated with increases in cortical inhibition (Perez et al. 2007).
If spinal networks contribute to these results, this might relate to the reduced responsiveness
of motor neurons during voluntary contraction found in SCI compared with control subjects
(Vastano & Perez, 2019). Another possibility is that changes in motor maps reflect a passive
process caused by parts of the cortex being deprived of sensory input and/or descending
signals reaching their targets. This deprivation may simply unmask latent connections that
have been there to begin with, or lead to a gain change that can be detected by TMS.

The observed expansion (controls) or reduction (SCI) of the motor maps during voluntary
contraction could just reflect changes in excitability in neural elements responsible for
inducing MEP (Ridding & Rothwell, 1995; Classen et al. 1998) without a change in the
underlying map. It is important to keep in mind that our definition of a motor map threshold
is largely different from the definition used in animal studies following SCI where threshold
is usually defined by an evoked movement by cortical stimulation (Tandon et al. 2009, 2013)
or by changes in cerebral blood flow during a motor behavior (Nishimura et al. 2007).
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Note that individuals with SCI have a higher MEP threshold compared with control subjects
and previous studies showed that higher stimulus intensities result in larger maps (van

de Ruit & Grey, 2016). However, it is unlikely that the larger map area at rest in SCI
participants was related to higher motor thresholds because we found similar results when
matching stimulus intensities across groups. Although previous fMRI studies showed larger
activation patterns in the primary motor cortex in SCI compared with control participants
during voluntary contraction (Bruehlmeier et al. 1998; Corbetta et al. 2002; Curt et al.
2002), it is difficult to compare these results with our findings. In these studies, repeated
movements were performed without necessarily matching movement characteristics across
populations. Note that simple variables such as movement difficulty (Winstein et al. 1997;
Buetefisch et al. 2014), degree of muscle contraction (Dettmers et al. 1995) and movement
speed (Shirinbayan et al. 2019) can change fMRI activity. Because in our study motor maps
were tested during matched levels of voluntary contraction, it is less likely that changes in
motoneuronal excitability (Burke & Pierrot-Deseilligny, 2010) affected our results. It is also
less likely that decreases in map area in SCI participants related to the stimulus intensities,
because similar results were observed at matched intensities across groups.

These electrophysiological results provide the first evidence of abnormal changes in motor
maps in humans with chronic SCI during voluntary contraction and suggest that sensory
input can help to reshape this reorganization.
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Key points summary

The functional role of motor cortical reorganization following spinal cord
injury (SCI) remains largely unknown. Here, we tested motor maps in a hand
muscle at rest and during voluntary contraction of the hand with and without
voluntary contraction of a proximal arm muscle.

Motor map area in participants with SCI decreased during hand voluntary
contraction and further decreased during additional contraction of a proximal
arm muscle compared with rest. In contrast, motor map area in controls
increased during the same motor tasks. Participants with SCI with more
severe sensory deficits in the hand showed larger decreases in motor map
area.

Ten minutes of hand muscle-tendon vibration increased the motor map area
during voluntary contraction in SCI participants.

These novel findings indicate that abnormal changes in motor cortical maps
during voluntary activity after SCI can be reshaped by sensory input; a
knowledge that can have implications for rehabilitation.
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Figure 1.
Experimental setup. A. Schematic illustration of the participant’s posture during the

experiments. B. Transcranial magnetic stimulation (TMS) targets superimposed on the
reconstructed 3D brain image (14 x 10 grid with 1 cm gaps). The red dot indicates the center
of grid located at the intersection where the central sulcus meets up with the longitudinal
fissure. The yellow line draws the central sulcus folding hand knob area on the precentral
gyrus. The red shaded area represents a motor map of the first dorsal interosseous (FDI)
muscle.
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Figure 2. Motor maps at rest.
Top figures show motor maps in the relaxed FDI muscle in a representative control (A,

black) and spinal cord injury (SCI) (B, gray) participant. Box plots show the group data
from all participants (C; controls, n = 17; SCI, n = 15) and from participants who exhibited
comparable resting motor threshold (RMT) across groups (D; controls, n = 10; SCI, n = 10).
The abscissa shows groups tested (controls = black, SCI = gray). The ordinate shows motor
maps area (cm?2). Bottom, top, and middle lines in the box represent 1st and 3rd quartiles and
median, respectively. The two vertical bars extend to the minimum to maximum values. * P
< 0.05.
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Figure 3. Motor maps at rest and during voluntary activity.
Motor maps in the FDI muscle in a representative participant of control (A) and SCI (B).

Open areas outlined by black broken lines and red filled areas show motor maps obtained
at rest and during isolated voluntary contraction of the FDI muscle (FDI), respectively.
Note that motor maps area increased during voluntary activity compared with rest in the
control whereas the motor maps decreased during voluntary activity in the SCI participant.
Box plots below show group data in controls (B, n = 17) and SCI (D, n = 15). The
abscissa represents the task tested (rest = black, FDI = blue). The ordinates represent the
motor maps area (cm?). The boxes and whiskers were arranged in the same manner as in
figure 2. Additional testing revealed that controls preserved the motor map expansion during
voluntary contraction with higher TMS intensity, at which the motor map at rest exhibited
similar area with SCI participants (C, controls-adjusted, n =9). * P < 0.05. # P < 0.05 in
comparison with controls.
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Figure 4.
Motor maps at rest and during isolated voluntary contraction and contraction of proximal

and distal muscles. Motor maps for the FDI muscle in a representative control (A) and SCI
(B) participant. From left to right, the motor maps obtained at rest (Rest, black) during
isolated FDI contraction (FDI, red) and contraction of FDI and BB muscles (FDI + BB,
orange). Note that the motor map increased in area during FDI and further increased during
FDI + BB compared to rest in the control. In contrast, motor maps area decreased during
FDI and further decreased during FDI + BB in the SCI participant. Box plots represent
group data in controls (B, n = 10) and SCI (D, n = 11). The abscissas show the tasks tested
(Rest = black, FDI = red, FDI + BB = orange), respectively. The ordinates present the motor
map area (cm?). The boxes and whiskers were arranged in same manner as in figure 2. * P <
0.05. # P < 0.05 in comparison with controls.
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Figure 5.
Correlation of changes of motor maps area and sensory impairment in individuals with SCI

(n = 10). Ordinate shows the change of motor map area during isolated FDI contraction and
contraction of FDI and BB muscle. Abscissa shows electrical perceptual threshold measured
at dermatomes C6 (A), C7 (B), and C8 (C) in the tested upper limb. Note that negative
correlations indicate that individuals showing a greater extent of reduction in motor map
area were those in whom somesthetic sensation of the index finger was impaired more.
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Figure 6.
The effect of sustained tendon vibration on the motor cortical maps in the SCI participants.

A. Motor cortical maps for the FDI muscle in a representative participant with SCI before
(left, blue) and after (right, purple) the intervention of tendon vibration of the index finger.
From top to bottom, the motor maps obtained at rest, during isolated FDI contraction (FDI)
and contraction of FDI and BB muscles (FDI + BB). Note that before tendon vibration, the
motor maps gradually decreased in area from FDI to FDI + BB compared to rest. After
tendon vibration, the motor maps increased in area during FDI and FDI + BB whereas no
change was observed at rest. B. Box plots show group data of the motor map area before
vibration (top) and the changes of motor map area normalized by the motor maps before
vibration (bottom). The abscissas represent the task tested (Rest, FDI + BB, FDI + ADM).
The ordinates represent the motor map area (cm2) and the change of motor map area (% of
before-vibration). The box and whiskers were arranged in the same manner as in figure 2. *
P <0.05.
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Demographics of SCI subjects

Table 1.

EPT (mA)
Participants | Age | Gender | Level | AIS | Aetiology | Time since injury (yrs)

C6 c7 C8

1 52 M Cs D T 3 1.00 | 1.10 | 0.95
2 61 F Cs C T 15 1.30 | 1.70 | 2.40
3 39 M Cs C T 2 n/k n/k n/k
4 65 M Cy D T 8 155 | 1.35 | 1.20
5 34 M C; C T 11 n/k n/k n/k
6 57 M Cq D T 2 140 | 1.75 | 1.30
7 79 M Cg C T 6 2.45 n/k n/k
8 45 F C; A T 23 185 | 1.35 | 1.70
9 54 M Cs C T 1 09 | 215 ] 2.30
10 43 M Cs C T 8 n/k n/k n/k
11 59 M Cs D T 2 1.40 | 1.70 | 1.80
12 49 M Cs D T 28 09 | 1.10 | 0.82
13 64 M Cs C T 5 235 | 225 | 245
14 68 M Cy C T 5 n/k n/k n/k
15 72 M C, C T 5 n/k n/k n/k
16 53 F Cs C T 14 n/k n/k n/k
17 65 M Cy C T 5 n/k n/k n/k
18 20 M C, Cc T 4 n/k n/k n/k
19 33 M Cs D T 9 n/k n/k n/k
20 69 M Cs D T 6 n/k n/k n/k
21 66 M Cs A NT 5 n/k n/k n/k
22 49 M Cy D NT 3 n/k n/k n/k

Page 25

M = Male, F = Female, T = Trauma, NT = Non-trauma, AIS = American Spinal Cord Injury Association Impairment Scale, EPT = Electrical

perceptual threshold (dermatomes C6-C8 in the side tested by TMS)
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Table 2.

Motor threshold, MEP-max, M-max, MVVC

Uninjured controls  Spinal cord injury

RMT (% MSO)
AMT (% MSO)

MEP-max amplitude (mV)
Rest

\oluntary contraction

MEP-max latency (ms)

Rest
\Voluntary contraction
M-max amplitude (mV)

M-max latency (ms)

4324104 5624102
39.7+105 535296
484+17 179£18%
9.36+25 351+28"
223+15 268+24"
214+14 250+22%
18.7£33 10.7+£63%
44405 455+05

Values are mean + standard deviation,

*
p <0.05.
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