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The corticomotor projection to liminally-contractable forearm
muscles in chronic spinal cord injury: a transcranial
magnetic stimulation study

M Cortes1,2,3, GW Thickbroom1,4, J Elder5, A Rykman1, J Valls-Sole3, A Pascual-Leone6,7 and DJ Edwards1,2,6

Study design: A cross-sectional study in chronic spinal cord injury with cervical lesions (cSCI).
Objective: To determine the corticomotor projection and motor cortex organization of paralyzed forearm muscles that presented only
liminal voluntary activation.
Setting: Burke Medical Research Institute, White Plains, NY, USA.
Methods: We identified ten people with chronic SCI who had a wrist flexor or extensor muscle with a motor power (MP) of 1 over 5. We
recorded motor evoked potentials (MEPs) to transcranial magnetic stimulation (TMS) over the primary motor cortex of the hemisphere
contralateral to the target muscle. We measured resting motor threshold (RMT), corticomotor latency (LTY), MEP amplitude (AMP) and
performed cortical motor mapping to determine the optimal site (OPT) and map area (AREA). Results were compared with the data
from 18 controls.
Results: A MEP in the target muscle was observed for all cSCI cases. LTY was normal, while corticomotor excitability (as determined
by RMT and AMP) was reduced in about half of the group. The OPT site of the motor maps was within control range for all cSCI cases,
while AREA was reduced in three cases.
Conclusions: Corticomotor conduction and cortical topography were appreciably normal despite only liminal activation of the target
muscle with voluntary effort. Muscles with these characteristics may benefit from a targeted rehabilitation program even in the chronic
phase after SCI.
Spinal Cord (2017) 55, 362–366; doi:10.1038/sc.2016.161; published online 20 December 2016

INTRODUCTION

A cervical spinal cord injury (cSCI) can result in paralysis or severe
motor deficits in the upper and lower extremities that can have a
devastating impact on independence and quality of life.1 In the
upper extremities, recovery of function in the wrist flexors and
extensors is important as it can lead to improvements in arm and
hand function.2,3

The American Spinal Injury Association (ASIA) Impairment Scale
(AIS) is widely used to classify impairment (motor and sensory) after
spinal cord injury. For the assessment of upper limb motor power, the
AIS scale uses the Medical Research Council (MRC) scale for motor
power (MP) and pools this for 5 functionally relevant movements
(including wrist extension). The MRC scale ranges from 0 to 5, with a
MP of 1 defined as a trace of muscle contraction or fasciculation, but
no overt movement about the joint.
We recently described a cSCI case study in which corticospinal

conduction to the wrist flexors and extensors was remarkably
preserved, even though wrist MP was only 1 over 5.4 Using
transcranial magnetic stimulation (TMS), we reported motor evoked

potentials (MEPs) of normal amplitude (AMP) and latency for these
wrist muscles. This observation suggested that supraspinal motor-
related networks could be implicated in functional weakness after
cSCI.5,6 However, the changes that might occur in these networks in
response to cSCI are not well understood.
It is known that spinal cord injury can result in cortical atrophy7–9

and there is evidence for cortical reorganisation from functional
magnetic resonance imaging (fMRI), positron emission tomography
(PET) and electroencephalographic (EEG) studies.10,11 TMS can be
used to map the corticomotor projection from primary motor cortex
(M1) to a target muscle12 and provides another opportunity to
investigate cortical reorganisation. While TMS mapping has been used
to identify reorganisation of muscles innervated above the level of the
lesion,10,13 there have been no such studies of severely impaired
muscles at the level of the lesion.
In the present study, we have measured corticomotor conduction

and performed TMS mapping in a group of 10 people with cSCI who
presented with muscle strength in a forearm muscle of 1 over 5. Our
aims were to determine how corticomotor conduction was affected in
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people with a MP of 1/5, and to determine whether the cortical maps
were normal or showed signs of reorganisation.

METHODS

Participants
Ten people with cSCI volunteered to participate in the study (Table 1). All met
the following inclusion criteria: age 18–70 years, chronic injury (41 year after
injury), cervical injury level, traumatic lesion, motor complete or incomplete,
MP of wrist extensor or flexor muscles 1/5, no evidence of trauma-related brain
injury, no contraindications for TMS, no history of seizure and medically
stable. A second investigator independently confirmed the MP score. All cSCI
participants were right-handed prior to injury and remained so thereafter.
None of the participants had a history of neurological or psychiatric disorders.
Eighteen right-handed healthy participants (24–51 years of age, 8 male) without
a history of neurological or psychiatric illness were recruited as a control group.
The Institutional Review Board of the Burke Rehabilitation Hospital approved
the experimental protocol, and all subjects gave written informed consent prior
the experiment.

Motor power
The MP of the Extensor Carpi Radialis (ECR) and Flexor Carpi Radialis (FCR)
muscles on the left and right sides was scored independently by two
neurologists. The muscle identified by both scorers as having a MP of 1 was
the target muscle for the remainder of the study.

EMG Recording
Bipolar surface electromyography (EMG) electrodes (1 cm diameter, 2 cm
inter-pole distance, × 1000 gain, band-pass filter 20–400 Hz) were placed over
the belly of the target muscle. EMG activity was recorded by Biometrics
electromyography (Biometrics Ltd, UK), and signals were fed into CED 1401
using Spike 2.6 for further off-line analysis. During the experiments, EMG
activity was continuously monitored with visual feedback to ensure complete
muscle relaxation.
An estimate of maximum voluntary contraction (MVC) in the cSCI group

was obtained by recording short periods of EMG, while the participant
attempted a maximum muscle contraction. Three 0.5 s epochs of EMG were
acquired, and the average root-mean-square EMG calculated. Three 0.5 s
epochs of resting EMG were also acquired as an estimate of signal noise.
TMS measurements were taken for the ECR and FCR muscles on the left and

right sides in the 18 controls.

Transcranial magnetic stimulation (TMS)
SCI participants were seated in their own wheelchairs and wore a snugly-fitting
pre-marked cap with sites marked in spacings of 1 cm in latitude and 2 cm in
longitude in relation to the vertex and inter-aural line.12,14 A figure-of-eight coil
(DB-80, Tonika Elektronik A/S, DK-3520, Denmark) was connected to a
MagPro magnetic stimulator (MagVenture, Farum, Denmark). The coil was

manually positioned on the scalp over the expected location of the contralateral
primary motor cortex (M1), with the handle pointing backwards at an angle of
45 degrees to the midline.15 The optimal site was established by a search pattern
at suprathreshold intensity to determine the location yielding the largest MEPs.
Resting motor threshold (RMT) was measured at this site and was defined as
the minimum intensity (2% steps in stimulator output) required to elicit at
least 3 MEPs with a peak-peak AMP 450 μV in 5 consecutive trials.16,17 For
the remainder of the experiment, TMS intensity was set to 1.2 ×RMT. Twenty
MEPs were recorded at the optimal site at this intensity. MEP peak-peak AMP
and MEP onset latency (LTY) were determined from these data by manual
cursoring and averaged for each muscle.

Motor cortex mapping
Five stimuli were delivered at a frequency of 0.2 Hz at each stimulation site
starting at the optimal site and then successively stimulating adjacent sites until
no MEP was found (o50 μV AMP). To maintain consistency in coil
orientation as it was repositioned over the scalp for mapping, the coil was
held in the parasagittal plane. Maps were generated by fitting a continuous
function to the mean peak-to-peak MEP AMP at each scalp site (Wilson 1993).
The latitude (LAT) and longitude (LONG) at which the map had its maximum
AMP was determined. LAT was expressed as the distance in centimeters from
the vertex, and LONG the distance in centimeters anterior (positive) or
posterior (negative) to the inter-aural line. To avoid biasing map area (AREA)
by small MEPs on the periphery, AREA was calculated from the region of the
map with an AMP > 1/8 of maximum.

Statistical analysis
A Wilcoxon rank-sum was used to test for an effect of SIDE (left, right) and
MUSCLE (ECR, FCR). A two-way ANOVA was used to assess for an
interaction between SIDE and MUSCLE.
From the control data, 95% confidence intervals were determined for each

parameter (RMT, AMP, LTY, LAT, LONG, AREA). The lower limit (LL) was
2 s.d. below the mean and the upper limit (UL) was 2 s.d. above the mean.
The AMP data was skewed and log transforms were used to establish LL and
UL. The SCI data for each participant was compared with control ranges.

RESULTS

SCI subject’s characteristics are given in Table 1. The mean age was
42.4± 16.5 years (s.d.; range 17–70 years of age; 7 M, 3 F). The mean
period following injury was 6.1± 8.2 years (range 1.8–29 years). Eight
of the SCI group had incomplete lesions and two had complete
lesions. Two subjects were classified as motor-sensory complete
(AIS A), five as motor complete but sensory incomplete (AIS B),
and three as motor and sensory incomplete (one as AIS C).
All participants had severe upper and lower limb impairment. Across
the SCI group, the target muscles that had a MP of 1 were evenly split
between left and right sides (five cases each) and ECR and FCR (also
five cases for each).
The mean age of the control group was 36.1± 6.8 (s.d., range 24–51

years). A Wilcoxon rank-sum test revealed no effect of SIDE (for all
parameters) but an effect of MUSCLE for most parameters (Po0.05).
As a result, the data was pooled for the left and right sides and control
ranges (LL, UL) established separately for the ECR and FCR
(see Table 2).
For the SCI group, an analysis using two-way Anova revealed there

were no effects for SIDE, MUSCLE or SIDE x MUSCLE. Correspond-
ingly, the SCI data from either side (left or right) was compared with
the control ranges for ECR and FCR separately.

Corticomotor excitability and conduction
A MEP was observed for all cases in the SCI group. The LTY was
within control range for all but one of the SCI cases. For all five SCI
cases, in whom the ECR was studied, RMT and AMP were outside

Table 1 SCI participant details

No. Gender Age (years) Level AIS TSI (years) Muscle Side MP

1 F 29 C4 B 2.3 FCR L 1

2 M 31 C5 B 7.5 FCR L 1

3 M 44 C4 C 1.8 ECR R 1

4 F 55 C5 B 2.1 FCR R 1

5 M 54 C6 A 2.2 FCR R 1

6 M 70 C4 C 3 ECR R 1

7 F 24 C4 B 5.8 ECR L 1

8 M 17 C4 B 4 ECR R 1

9 M 50 C5 A 29 FCR L 1

10 M 50 C4 C 3 ECR L 1

Abbreviations: AIS, Asia impairment scale; ECR, extensor carpi radialis; F, female; FCR, flexor
carpi radialis; M, male; MP, motor power; TSI, time since injury.
Age (years); TSI (years).
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the control ranges and there was a significant difference between
this SCI subgroup and controls (t-test, Po0.001 and P= 0.003,
respectively). For the five cases in whom the FCR was studied,
RMT and AMP were within the control ranges for all but one case and
there was a significant difference between this subgroup and
controls for RMT (Po0.02). There was no significant difference
between ECR or FCR for RMT or for AMP (P= 0.7 and P= 0.4,
respectively). The RMS ranged from 0.008 to 0.017 mV for ECR
and 0.007 to 0.015 mV for FCR (mean for combined muscles
0.011± 0.004 mV). Mean resting RMS was 0.007± 0.002 μV.
There was no correlation between RMS during an attempted MVC
and AMP (P= 0.22).

Corticomotor mapping
The TMS maps could be obtained for all SCI cases. Figure 1 gives
MEP waveforms and maps for a representative case from the SCI
group and the control group. Table 2 gives the control ranges for each
parameter and Table 3 provides the results for each case in the
SCI group.
The LAT and LONG were within the control range for all SCI

cases (Figure 2). The AREA was reduced in the FCR for three cases
(two marginally).

Table 2 The control group data

ECR FCR

Mean LL UL Mean LL UL

RMT 32.9 23.9 42 42.4 26.3 58.4

AMP 560 184 1699 299 112 799

LTY 16.3 13.6 19.0 17.1 14.6 19.6

LAT 5.4 3.2 7.6 5.7 2.6 8.7

LONG −0.7 −5.2 3.7 −0.5 −4.7 3.7

AREA 47.0 19.9 74.0 47.0 28.4 65.5

Abbreviations: AMP, amplitude; AREA, map area; ECR, extensor carpi radialis; FCR, flexor carpi
radialis; LAT, latitude; LL, lower limit; LONG, longitude; LTY, corticomotor latency; RMT, resting
motor threshold; UL, upper limit.
Neurophysiological outcomes mean values are stated as well as the lower and upper limit,
expressed as 2 s.d. of the mean (2 s.d.), for the forearm muscles (ECR and FCR).

Figure 1 The MEP waveforms and maps for a representative case from the SCI group and the control group.

Table 3 The SCI individual data

No. Muscle RMT AMP LTY RMS LAT LONG AREA

1 FCR 40 183 15.9 0.007 3.7 −1.3 27.4b

2 FCR 58 127 17.3 NA 3.6 0.7 20.8b

3 ECR 44a 159b 19.9 a 0.008 4.9 −3.1 31.4

4 FCR 38 279 15.8 0.015 5.4 −1.7 33.9

5 FCR 55 121 16.9 0.008 3.5 1.7 27.6b

6 ECR 44a 161b 15.6 0.014 3.7 0.7 34.3

7 ECR 45a 145b 16.6 0.006 6.7 −2.5 50.4

8 ECR 56a 134b 18.5 0.008 4.0 −2.6 35.9

9 FCR 62a 189 17.7 NA 6.2 −1.0 35.5

10 ECR 80a 168b 14.7 0.018 3.9 0.6 33.7

Abbreviations: AMP, amplitude; AREA, map area; ECR, extensor carpi radialis; FCR, flexor carpi
radialis; LAT, latitude; LONG, longitude; LTY, corticomotor latency; NA, not available; RMS, root
mean square; RMT, resting motor threshold.
AMP (mV); AREA (cm2); LAT (in cm); LONG (in cm); LTY (ms); RMS (root mean square EMG
during MVC); RMT (% stimulator output); ‘o’ below control LL; ‘4’ above control UL
aAbove control UL.
bBelow control LL.
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DISCUSSION

It was possible to determine a RMT, record a MEP and measure a
motor map for a forearm muscle in all cases from this group of
chronic cervical SCI. The unifying feature in the group was the
selection of a target muscle with a MP of 1/5. We showed that
corticomotor conduction through the level of the spinal injury is
remarkably patent and that the topographic origins of this projection
in M1 are normal. The results indicate that in the chronic phase after
injury, and in muscles with only liminal voluntary activation, there can
remain a significant neurophysiological substrate that could be a target
for rehabilitation.
We have previously reported that corticomotor conduction can

be within control values in a case study of chronic cervical SCI.4,18

The present study generalises this finding by showing that it is not
rare to find patent corticomotor conduction in muscles with
only liminal levels of voluntary activation in the chronic phase
after SCI.
Corticomotor conduction time was within control range for all

but one SCI case that was marginally delayed. This is in contrast
to some previous studies that indicate conduction through the
lesion is often delayed.19–21 However, spinal cord injury is expected
to have diverse effects on corticospinal conduction depending on
the nature of the lesion. In our cSCI group, selected to have a
degree of commonality (chronic and stable, cervical lesions,
forearm wrist extensors/flexors, MP= 1), we find that the fast-
conducting monosynaptic pathway to the target muscles can be
relatively normal.
While RMT was increased and AMP decreased in about half of the

cases, in many these data were not greatly outside of control range.
Across the group, we mostly observed these abnormalities for the ECR
rather than the FCR muscle. In the control group, we found inter-
muscle differences, with the ECR having a lower RMT and higher
AMP than the FCR. This difference was not seen in the SCI group,
presumably because RMT was increased and AMP reduced mostly just
for the ECR muscle. The reason for this is not certain; however, it
could be related to differences in the corticospinal projection to wrist
flexor and extensor muscles. It is known that wrist extension can be
severely affected in SCI22 and the wrist extensors are target muscles in
the AIS scoring system.23

The retention of corticospinal conduction through the lesion is
consistent with anatomical studies that show there are usually
spared axons across a lesion.24–26 However, less is known about the
corticomotor pathways these axons serve. The TMS mapping data

suggest that the spared axons that give rise to the MEP originate
from the expected forearm representation in M1. It is known that
the cerebral cortex is remarkably adaptable, and that cortical and
subcortical lesions can lead to functional reorganisation.27–29

Previous studies of cortical reorganisation after SCI have mostly
employed functional imaging techniques such as functional MRI
and PET.11 These studies require voluntary activation of a target
limb, often targeting muscles proximally to the lesion, which can
recruit multiple brain regions and involve polysynaptic pathways
not accessible to TMS. The present study was performed in forearm
muscles with MP= 1 and indicated that the corticospinal neurons
giving rise to the MEP in these muscles had a normal cortical
topography. We cannot say whether this would be true in higher-
functioning proximal muscles, where reorganisation might take
place as a result of use-dependent plasticity, or in muscles of the
lower extremity.
Perhaps the most intriguing finding is that even for those

muscles with normal corticomotor conduction and cortical topo-
graphy, the muscles could only be liminally activated under
voluntary control, even when participants were asked to do a
maximal effort. The underlying cause of this functional paralysis is
not certain and may perhaps involve a learned disuse. If so, the
present results increase confidence that clinically meaningful
improvement in function might be achieved with a suitable
rehabilitation program. The objective data of corticomotor con-
duction, such as provided by TMS, may also increase the likelihood
of success, if communicated to participants.
In conclusion, in our cSCI group, targeting a forearm muscle

with MP= 1/5, corticomotor conduction and cortical topography
were appreciably normal despite only liminal activation with
voluntary effort. This suggests that muscles with these character-
istics may benefit from a targeted rehabilitation program even in
the chronic phase after SCI. In the absence of TMS, our data
suggests that further rehabilitation of muscles with a MP of 1/5
might be indicated. Demonstration of a good cortical-motor
connection by TMS may be a fillip to people struggling with
recovery of weakly activated muscles after SCI.
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Figure 2 The individualized data showing that the maps characteristics (LAT and LONG) were within control range (open circles) for all SCI cases (filled
circles).
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