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Brain motor control assessment of upper limb
function in patients with spinal cord injury

Maryam Zoghi, Mary Galea, David Morgan

Department of Medicine (Royal Melbourne Hospital), The University of Melbourne, Melbourne, Australia

Background: The brain motor control assessment (BMCA) for the upper limb has been developed to add
resolution to the clinical evaluation in patients with spinal cord injury (SCI). BMCA is a surface
electromyography (sEMG)-based measure of motor output from the central nervous system during a variety
of reflex and voluntary motor tasks performed under strictly controlled conditions.

Method: Nine participants were recruited and assessed four times over a period of 1 year in a prospective cohort
study design. The sEMG of 15 muscles (7 muscles from each upper limb and rectus abdominis) were recorded
throughout the following stages of the BMCA protocol: (i) relaxation, (ii) reinforcement maneuvers, (iii) voluntary
tasks, (iv) tendon-tap reflex responses, (v) vibration responses.

Results: Similarity index (Sl) values were significantly lower in the SCI group for unilateral shoulder abduction
(P =0.006) and adduction (P = 0.021), elbow extension (P = 0.038), wrist flexion/extension with palm up (P <
0.001; P <0.001) and wrist flexion with palm down (P =0.016). sSEMG magnitudes were also significantly
lower in the SCI group for wrist flexion/extension with palm up (P < 0.001; P =0.042). S| changes over time
were significant for tasks related to wrist joint (P = 0.002).

Conclusion: Clinicians who are involved in rehabilitation of patients with SCI can use the BMCA to assess their
patients’ motor control abilities and monitor their progression throughout their rehabilitation process. The results
of this type of neurophysiological assessment might be useful to tailor therapeutic strategies for each patient.
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Introduction
The loss of upper limb function is one of the most sig-
nificant and devastating losses after spinal cord injury
(SCI) leading to subsequent dependence on others.!
The severity and extent of upper limb dysfunction are
highly individualized after this injury and people with
SCI most frequently report that arm and hand function
is one of the main functions that they would like to be
restored above all others.'™ Neurorehabilitation after
SCI is based on the concept that rehabilitative training
recruits neuronal systems that remain intact after the
injury to take over the impaired function.
Understanding the neural mechanism of recovery will
surely contribute to the development of evidence-
based rehabilitation therapies.

In daily clinical practice, persons with SCI are evaluated
using the International Standards for Neurological and
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Functional Classification of SCI* and are classified
according to the American Spinal Injury Association
Impairment Scale (AIS). This evaluation involves a
sensory and motor examination to determine neurological
level of the injury and whether the injury is complete or
incomplete. Using this scale, the severity of SCI will be
categorized as A to E. The AIS grade A classification
encompasses those individuals who have complete loss of
voluntary muscle control and sensory function in limbs
caudal to the injury. During motor examination, five key
muscles will be examined bilaterally based on a six-point
scale. Using this scale, the pattern of movement, e.g. the
activation of synergistic muscles with concurrent inhibition
of antagonistic muscles necessary to efficiently perform
functional volitional movement, cannot be captured.
Discrepancies between neuropathological and clinical
findings in paralysis after SCI led to development of the
brain motor control assessment (BMCA), which can
add resolution to the clinical evaluation of patients
with SCL> This protocol is a surface electromyography
(SEMG)-based measure of motor output from the
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central nervous system (CNS) during a variety of reflex
and voluntary motor tasks of the upper® and lower
limbs’ performed under strictly controlled conditions.
Even though the BMCA can provide valuable infor-
mation about patients with SCI and has been used in
evaluating lower limb function in several studies, there
is limited reporting of similar information about upper
limb function.

Our modification of the BMCA protocol for upper
limb function has been previously published and we
tested it on 19 neurologically intact individuals.® The
study presented here was undertaken to use this modified
BMCA protocol to evaluate patients with SCI over time.
The aim of this study was to investigate whether the
pattern of voluntary movements in patients with SCI
could be improved over time and whether this improve-
ment could be evaluated with the BMCA protocol.

Method
Nine traumatic spinal cord-injured participants were
recruited from the Royal Talbot Rehabilitation Centre
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to participate in this study (Table 1). No changes were
made in clinical management of these patients for this
study. All the participants gave their written informed
consent before the assessments were carried out. All pro-
cedures used conformed with the Declaration of
Helsinki, and the protocol was approved by the
Human Research Ethics Committees at The
University of Melbourne and Austin Health. The par-
ticipants were assessed up to four times over a period
of 1 year. The assessment sessions have been reported
based on the number of days post-SCI (Table 2).

Upper limb BMCA protocol

The upper limb BMCA protocol was performed with
participants lying supine. Participants wore a singlet to
allow access to the skin overlying upper limb muscles.
At the beginning of the test, participants were trans-
ferred on to a plinth to lic in the supine position in a
quiet and warm room with minimized distractions (e.g.
noise and traffic).

Table 1 Participants’ injury level, ASIA impairment scale category, motor and sensory levels
Participant ASIA Elbow flexors Wrist extensors Elbow extensors Finger flexors Finger abductors
(sex) score (C5) (C6) (C7) (C8) (T1) Neurological level:
1(F) D R:5 R:5 R:5 R: 1 R: 1 Sensory: R: C6, L: T3
Incom. L:5 L:5 L:5 L:3 L:3 Motor: R: C7, L: C8
2 (M) A R:5 R: 1 R: 1 R:0 R: 0 Sensory: R: C4 L: C4
Com. L:5 L1 L1 L:0 L:0 Motor: R: C5, L: C5
3 (M) C R: 5 R: 2 R: 1 R: 0 R: 0 Sensory: R: C4 L: C4
Incom. L:5 L1 L1 L:0 L:0 Motor: R: C5, L: C5
4 (M) D R: 5 R:5 R: 4 R: 4 R: 1 Sensory: R: C4 L: C4
Incom. L:5 L: 4 L:2 L:3 L:2 Motor: R: C7, L: C6
5 (M) D R:5 R: 3 R: 1 R: 4 R: 2 Sensory: R: C4L: C4
Incom. L:5 L:3 L1 L:3 L:2 Motor: R: C6, L: C6
6 (M) A R:5 R: 4 R:5 R: 4 R: 3 Sensory: R: C4 L: C4
Com. L:5 L:5 L:5 L: 4 L: 4 Motor: R: C6, L: C8
7 (M) B R:5 R:5 R: 5 R:0 R: 0 Sensory: R: C7 L: C7
Incom. L:5 L:5 L:5 L:1 L1 Motor: R: C7, L: C7
8 (M) D R: 4 R: 3 R: 5 R: 0 R: 0 Sensory: R: C4 L: C5
Incom. L:4 L:4 L:5 L: 4 L:3 Motor: R: C5, L: C5
9 (F) A R: 5 R: 2 R: 1 R: 0 R: 0 Sensory: R: C4 L: C4
Com. L:5 L:1 L1 L:0 L:0 Motor: R: C5, L: C5
ASIA: American Spinal Injury Association; Com: complete; Incom: incomplete; F: female; M: Male; R: right; L: left.

Table 2 Assessment dates (days post injury)

Participant First Ax (days) Second Ax (days) Third Ax (days) Fourth Ax (days)
1 130 215 347 542

2 181 381 479 678

3 38 Not assessed Not assessed Not assessed

4 67 179 246 478

5 59 143 234 423

6 89 208 281 460

7 50 134 232 421

8 75 159 299 Not assessed

9 87 Not assessed Not assessed Not assessed
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The sEMG of 15 muscles (7 muscles from each upper
limb and rectus abdominis (RA)) were recorded
throughout the experiment with self-adhesive pre-
gelled disposable surface electrodes (Noraxon Dual elec-
trodes, Scottsdale AZ, USA). They were pectoralis

major, deltoid (middle fibers), biceps, triceps, wrist
flexor muscle group, wrist extensor muscle group, oppo-
nens pollicis, and RA. Following skin preparation, pairs
of SEMG electrodes, spaced 2 cm apart, were attached
to the skin, oriented parallel to the long axis of the
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Figure 1 (A) Spontaneous muscle activity in participants with SCI over time compared to neurologically intact participants at rest.
(B) Spontaneous muscle activity in participant number 2 during the relaxation period over time. (A) Averaged RMS + SD for each
muscle at rest are presented for participants with SCI and neurologically intact participants. The number of muscles with
spontaneous activities, frequency and the amplitude of the motor unit firing were increased in participants with SCI during first and
second assessment. These involuntary activities were reduced over time (Ax 3 and Ax 4) in participants with SCI. (B) An example of
spontaneous muscle activities at rest in one participant with SCI. The frequency and the amplitude of the motor unit firing were
increased over time in LPM. But the high level of spontaneous activity in LOP were cleared completely in the following assessments.
Similar activity was seen in ROP in the second Ax which was cleared in the fourth Ax. In addition, the spontaneous muscle activity
was only observed in RA in fourth Ax. RMS: root mean square, DPI: days post injury, LOP: left opponens pollicis, LPM: left pectoralis

major, Ax: assessment.
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Table3 Muscles identified as showing long-lasting involuntary activation during the relaxation part of BMCA and their firing pattern

First Ax Second Ax Third Ax Fourth Ax
P IFP RFP IFP RFP IFP RFP IFP RFP
1 LOP LPM RT, LOP LPM, RA LOP LPM, RA LOP LPM, RA
2 RWF, LOP LPM, RA RWE, ROP LPM, RA RT, LB RPM, LPM, - RWE, LPM,
RA RA
3 RB, RWE, LB RPM, LPM Not assessed Not assessed Not assessed
4 LPM, RA LPM LPM
5 RB, RWF, LB LPM, RA LT LPM, RPM  RWF RPM, LPM,  ROP RPM, LPM
RA
6 ROP LPM, RA ROP, LOP LPM ROP, LPM, RA ROP, LOP LPM
LOP
7 RPM, LPM - RB, RT, RPM, LB, LT, LWF, - RT, LWF RPM, LPM, RT, RWF, LWF -
LPM RA LPM
8 LT, LWF, LPM - RWE LPM, RA RWE, RPM, LPM,  Not assessed
ROP RA
9 RWF, LWF RPM, LOP, LPM, Not assessed Not assessed Not assessed
RA

P: participant; RB: right biceps; RT: right triceps; RWF: right wrist flexors; RWE: right wrist extensors; ROP: right opponens pollicis; RPM:
right pectoralis major; LB: left biceps; LT: left triceps; LWF: left wrist flexors; LWE: left wrist extensors; LOP: left opponens pollicis; LPM:
left pectoralis major. RA: rectus abdominis; IFP: irregular firing pattern; RFP: regular firing pattern.

selected muscles. The skin under the electrodes was
shaved and cleaned with alcohol. In each session the
impedance between the two electrodes in the pair was
less than 5 Q. Electromyography (EMG) signals were
amplified (x1000) by Zero Wire electrodes (Cometa,
Milan, Italy) and then filtered (20-500 Hz) and digitized
online (1 kHz sampling rate) using a PowerLab record-
ing system (ADInstruments Ltd, Bella Vista, NSW,
Australia). Voltages shown are as recorded by the
PowerLab.

The protocol included the following stages: (i) relax-
ation, (ii) reinforcement maneuvers, (iii) voluntary
tasks, (iv) tendon-tap reflex (TTR) responses, (V)
vibration responses.

Relaxation

The EMG activity of 15 muscles was recorded for
S minutes at rest. The instructions to participants were
“Please place your arms on the plinth next to your
body and try to relax to the best of your ability.” If
the participant was unable to relax all muscles, attempts
were made to facilitate relaxation through repositioning,
coaching the participant and giving verbal feedback.

Reinforcement maneuvers

The maneuvers were “deep breath with forceful exhale”
and “neck flexion.” Each reinforcement maneuver was
repeated three times cued by a 3 seconds audible tone.
For “deep breath with forceful exhale” participants
were asked to start inhaling as soon as they heard the
tone, hold their breath for the duration of the tone
and finally, forcefully exhale at the end of the tone.
The assessor monitored the SsEMG for complete

relaxation before the next trial could begin. For “neck
flexion” the participants were requested to lift the
head with the start of the tone, pressing against a force
manometer placed on the forechead and then to relax
again at the end of the tone.

Voluntary tasks

The voluntary tasks included one bilateral task with two
phases (shoulder abduction/adduction) and four unilat-
eral tasks with two phases (shoulder abduction/adduc-
tion; elbow flexion/extension; wrist flexion/extension
with palm up and wrist flexion/extension with palm
down). They were performed on both sides. All volun-
tary tasks in the BMCA protocol were cued by two 5-
second tones with a brief pause between them, less
than 1 second. Participants were asked to start the first
task at the tone and not to start the second task until
they heard the second tone. All tasks were repeated
three times. After each trial, the participants were
given time to relax all the muscles to their best ability
before starting a new trial.

TTR response

A tendon hammer was designed for this study. The
hammer was balanced about its axis of rotation so
that gravity did not affect its motion. A leaf spring
imparted energy to the hammer upon release, completed
well before the hammer struck the tendon. This meant
that the hammer made each strike with a consistent
energy, independent of orientation and relative position.
A minimum of 10 taps were applied to biceps and triceps
tendon (right or left sides) at 5-second intervals. If a
response was not observed, the tap position was
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adjusted, the limb was repositioned and the maneuver
repeated until 10 responses were recorded.

Vibration responses

Vibration was applied for 30 seconds to each of the
tendons that were tapped to elicit the vibration response.
The vibrator used for this part of the BMCA was
custom-constructed from a pneumatic hand-grinder
fitted with an offset weight and protective barrel (fre-
quency: 115 Hz, and a motion amplitude of 0.8 mm
peak to peak). Electrical vibrators were found incapable
of developing an adequate stimulus and all those tested
caused artifacts in the SEMG channels.

Data reduction
A prototype response vector for each phase of each
movement in the protocol was generated from 19

neurologically intact participants (38 limbs).® These
values were used to calculate the similarity index (SI),
which compares the relative distribution of sEMG
activity across the set of muscles chosen for the volun-
tary tasks® and to evaluate the progression of partici-
pants with SCI during their rehabilitation. If patients
were able to recruit the prime movers for a specific
task and decrease unnecessary muscle activity in the
other muscles, their SI scores approximated neurologi-
cally intact values, indicating better control of their
movements. A value of 1.0 for the SI means that the
test participant had an identical distribution of SEMG
activity across muscles to the neurologically intact
group for that task.

Linear model analysis was used to evaluate involun-
tary muscle activation at rest in neurologically intact
participants vs. participants with SCI. Two-tailed
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Figure 2 Examples of the Sl values of 19 individual neurologically intact participants for three different voluntary tasks on both
sides. It can be seen that neurologically intact participant showed a similar pattern of movements during these three voluntary tasks
on both sides. R: right; L: left; EF: elbow flexion; WF(u): wrist flexion with palm up; WE(d): wrist extension with palm down.
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unpaired z-test calculations were carried out to compare
SI values of neurologically intact participants with the
participants with SCI. Linear mixed model analysis
was also used to assess the SI changes over time in par-
ticipants with SCI. A significance level of P < 0.05 was
adopted for all comparisons. This analysis was con-
ducted using Statistical Package for the Social Sciences
(SPSS) Statistics 22 software (IBM Corp., Armonk,
NY, USA).

Results

Relaxation

Participants with SCI showed a significant level of invo-
luntary muscle activity at rest in their first (P =0.02)
and second assessment (P < 0.001) compared to neuro-
logically intact participants. These involuntary acti-
vations were reduced over time and became similar to
neurologically intact participants (P < 0.05) (Fig. 1A).
All the participants showed different degrees of long-
lasting, involuntary activity in their muscles at rest.
The summary of these observations can be seen in
Table 3. The patterns of motor unit firing in different
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muscles were regular or irregular at rest. RA showed a
regular pattern of firing during the relaxation period
in all participants and during all assessment sessions
except in participant 5. The firing pattern of RA was
irregular in this participant in his first assessment; but
it remained relaxed in the rest of his assessments. Left
pectoralis major showed long-lasting involuntary
activity at rest in every single assessment of each partici-
pant. Figure 1B shows the involuntary activation of
upper limb muscles in participant 2 (Complete A)
during relaxation at all his assessment sessions. As can
be seen, the muscles with long-lasting involuntary
activity were different at each session.

Reinforcement maneuvers
None of the participants showed involuntary activity in
their muscles related to these maneuvers.

Voluntary tasks

The response vectors for each task from 19 neurologically
intact participants (38 limbs)® were used as a normal
pattern to evaluate the voluntary movements in partici-
pants with SCI. All the SI values for those tasks were

Table 4 Neurologically intact and patients with SCI mean Sl and magnitude, for each motor task

Voluntary tasks Subject group SI EMG Mag (uV)
BShAb NI 0.84 +0.08 126.15+65.82
SClI first Ax 0.79+0.10 101.59 + 56.95
SCI last Ax 0.82+0.05 116.52 + 59.49
BShAd NI 0.84 +0.08 86.72 = 50.20
SCI first Ax 0.82+£0.05 74.45 +54.43
SCI last Ax 0.80+0.13 69.83 + 46.70
ShAb NI 0.87 =0.10 87.98 + 52.82
SClI first Ax 0.72 + 0.20** 74.99 + 45.93
SCI last Ax 0.75+0.16 82.30 = 35.58
ShAd NI 0.86 +0.11 59.87 + 37.45
SCI first Ax 0.73+0.22* 58.79 + 44.61
SClI last Ax 0.71+x0.21 60.65 + 45.72
EF NI 0.99 +0.08 89.72+71.70
SClI first Ax 0.88 +0.27 91.73+66.33
SClI last Ax 0.91+0.25 82.09 +68.18
EE NI 0.91+£0.08 36.91 +33.12
SClI first Ax 0.78 £ 0.22* 43.23 +27.34
SClI last Ax 0.79+0.23 30.95 + 24.85
WFu NI 0.98 +0.03 84.06 + 50.52
SClI first Ax 0.67 + 0.28** 26.03 = 13.99**
SClI last Ax 0.85+0.19 64.73 +51.02
WEuU NI 0.95+0.08 18.74 +10.80
SClI first Ax 0.58 + 0.26** 12.80 + 9.46*
SClI last Ax 0.70 £0.21 22.39 +23.49
WEd NI 0.94 +£0.10 77.76 = 46.03
SCI first Ax 0.84 +0.26 68.09 + 50.58
SClI last Ax 0.98 +£0.02 88.63 + 76.80
WFd NI 0.90 £0.14 18.68 + 13.37
SCI first Ax 0.69 + 0.33* 28.88 + 19.59
SCI last Ax 0.77 £0.20 23.65 + 22.80

Comparisons were made between SClI first assessment values and neurologically intact group values (*p < 0.05, **p < 0.01). SI:
similarity index, Mag: magnitude, BShAb: bilateral shoulder abduction, BShAd: bilateral shoulder adduction, EF: elbow flexion, EE: elbow
extension, WFu: wrist flexion with palm up, WEu: wrist extension with palm up, WEd: wrist extension with palm down and WFd: wrist

flexion with palm down.
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around 1.0, which means that all the participants showed  unilateral shoulder abduction (P = 0.006), unilateral
a similar pattern of muscle activations during those tasks shoulder adduction (P =0.021), elbow extension (P =
(Fig. 2). SI values were significantly lower in the SCI 0.038), wrist flexion with palm up (P <0.001), wrist
group compared to the neurologically intact group for  extension with palm up (P <0.001), and wrist flexion
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with palm down (P =0.016). SEMG magnitudes were
also significantly lower in the SCI group compared to
the neurologically intact group for wrist flexion with
palm up (P <0.001) and wrist extension with palm up
(P =0.042). Neurologically intact and SCI group mean
SI and magnitude, for each motor task have been pre-
sented in Table 4.

Changes in SI values occurred at different rates for
different tasks. Linear mixed model analysis showed
that the effect of “Task” as an independent factor was
significant (P < 0.001) but, the effect of “Time” did
not reach significance (P < 0.05). Further analysis on
separate task groups (shoulder tasks, elbow tasks, and
wrist tasks) showed that the effect of “Time” was signifi-
cant for wrist tasks (P = 0.001) and it did not reach a sig-
nificant level for shoulder or elbow tasks (P < 0.05). The
rate of SI changes over time can be seen for three differ-
ent groups of tasks in Fig. 3.
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Figure 4 shows the pattern of muscle activation
during wrist extension for all participants with SCI
and one of the neurologically intact participants.
Neurologically intact participants were able to activate
the prime movers during each task with no involuntary
activity in the other muscles (one example in Fig. 4), but
some participants with SCI were not able to do so and
they showed activation of muscles irrelevant to the
tasks on both sides, even when they had enough strength
in their wrist extensor muscles on the active side (3-5/5).

Figure 5 shows changes in SI values across partici-
pants with SCI for all voluntary tasks. It can be seen
that SI values were variable between assessment sessions
and did not necessarily show improvement over time.
For instance, participant 8 had very good SI scores for
left shoulder abduction/adduction in his first assess-
ment (0.8/0.9) and then it gradually dropped to (0.7/
0.8) in his second assessment session and to 0.5/0.7 in
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Figure 4 Pattern of muscle activation during wrist extension in participant with SCI and a neurologically intact participant. The

neurologically intact participant was able to activate the prime movers during wrist extension and keep the other muscles quiet on
both sides, but some participants with SCI were not able to do so and they showed activation of muscles irrelevant to the tasks on
both sides even when they had enough strength in their wrist extensor muscles on the active side (3-5/5). WE: wrist extension, MMT:

manual muscle testing. R: right, L: left.
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the following assessments. The same pattern can be seen
for his left elbow flexion/extension (Fig. 5). The same
participant also showed some gradual improvements
in his SI scores for right and left wrist flexion in his
second and third assessments, but he did not maintain
that level in his fourth assessment.

TTR and tonic vibratory response (TVR): partici-
pant 2 showed a clear response to vibration on his
right biceps and triceps, 181 days post his injury
(Fig. 6). All the other muscles in his upper limbs

remained quiet during the vibration period. These
responses are expected responses to vibration under
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supraspinal influences. But in the following assess-
ments, he showed evidence of losing these supraspinal
influences over right biceps and triceps muscles. In his
third assessment session, the same vibratory stimulus
produced responses in other muscles. A similar
pattern of responses was seen in these muscles with
TTR responses as well (Fig. 7). Five participants
showed multiple-level responses for both TTR and
TVR in all their assessment sessions. Table 5 shows a
summary of TTR and TVR responses from biceps
and triceps in all nine participants with SCI during
their assessment sessions.
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Individual Sl scores for each unilateral voluntary task of participants with SCI. The Sl scores of nine participants with SCI

can be seen for four unilateral tasks with two phases (shoulder abduction/adduction; elbow flexion/extension; wrist flexion/
extension with palm up; and wrist flexion/extension with palm down) at different assessment sessions (up to four assessments). Y-
axis shows the Sl scores and X-axis shows individual participant. ShAb: shoulder abduction; ShAd: shoulder adduction; EF: elbow
flexion; EE: elbow extension; WF(u): wrist flexion with palm up; WE(d): wrist extension with palm down.
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Discussion

Nine participants with different levels of SCI in the cer-
vical region were assessed up to four times with the
BMCA protocol throughout their rehabilitation
process in this prospective cohort study design.

In the present study, during the relaxation period,
long-lasting involuntary activity was seen in muscles
that are innervated from near to, within, or caudal to
the injury zone similar to previous studies on partici-
pants with acute and chronic SCI using the multi-
muscle surface EMG recording at rest.”'? Similar
continuous spinal motor output has also been reported
in animal models of SCIL.'*!*

Many of these contractions are weak, occur in
response to no obvious stimuli and involve spon-
taneous firing of motor units for long periods at
low frequencies. It has been argued that these
prolonged, involuntary activations of muscles are
due, in large part, to the uncontrolled activation of

1st Ax (181 days post injury)

Zoghi et al.

sodium and calcium persistent inward currents in
motoneurons. '+

This long-lasting activity became more widespread in
most participants over time, similar to previous studies.®
Even though no direct link between the presence of this
long-lasting muscle activation and clinically measured
function has been established to date, additional studies
are needed to establish the clinical relevance and elucidate
the precise cellular mechanism or mechanisms that should
be targeted to provide effective treatment and avoid the
impairment of volitional ability in patients with SCI.

Information regarding the pattern of muscular acti-
vation during upper limb tasks in patients with SCI is
very limited in the literature. This study showed that the
SI values were significantly lower in patients with SCI
compared to the neurologically intact group for unilateral
shoulder abduction/adduction, elbow extension, wrist
extension with palm up, and wrist flexion with palm up/
down. Only one study has assessed several upper limb

3rd Ax (479 days post injury)
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Figure 6 Responses of participant number 2 to vibration on right biceps and triceps in two different assessment sessions. Each
panel includes two columns. The right-side columns show the responses to vibration on right biceps in seven muscles on both sides
(right and left). The left-side columns show the responses to vibration on right triceps in seven muscles on both sides (right and left).
It can be clearly seen that the selective responses to vibration in these two muscles have been lost after the first assessment. Note
the multi-level responses on both sides. Ax: assessment. TVR: tonic vibratory response.
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voluntary tasks using the BMCA in 11 patients with
SCL."” Their results regarding elbow extension and wrist
extension were similar to our study, but they showed a
similar trend for elbow flexion as well, which was not the
case for the present study. There are no previous data
regarding shoulder abduction/adduction and wrist
flexion that can be compared to the results of this study.

Assessing the voluntary movements in participants
with SCI showed abnormal patterns of muscle acti-
vation during different tasks in patients with different
levels of injury and different levels of muscle strength.
Bilateral muscle activation can be seen during left
wrist extension (Fig. 2) even though the participant
had strong wrist extensor muscles (4-5/5). We also
showed that the changes in SI values occurred at differ-
ent rates for different tasks.

Plasticity is the ability of neurons to rearrange their
anatomical and functional connectivity in response to
environmental input, thereby achieving new or modified

1st Ax (181 days post injury)

outputs. Following injury, neurons can spontaneously
increase their plasticity, thereby enabling the creation
of new networks as the basis for recovery and compen-
satory behavior.'® Anatomically, spontaneous injury-
induced plasticity includes regenerative sprouting from
damaged and intact neurons, synaptogenesis, and
synaptic remodeling. Functional plasticity includes
changes in neuronal excitability and inhibition, conduc-
tion velocity, and synaptic efficacy.

Courtine ef al.'® investigated the neural basis of spon-
taneous recovery after SCI in mice. Interestingly, they
showed that propriospional connections are able to
mediate spontaneous functional recovery of stepping
by bypassing the injury sites without the existence of
the descending supraspinal pathways. They concluded
that for functional recovery of lumbosacral circuits,
the reorganization of interactions between intrinsic
spinal cord circuits and descending inputs that relay
information past lesion sites is sufficient.'”
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Figure 7 Tendon reflex responses of right biceps and triceps in participant number 2 at two different assessment sessions. Each
panel includes two columns. The right-side columns show the responses in seven muscles on both sides during tendon tapping on
right biceps. The left-side columns show the responses in seven muscles on both sides during tendon tapping on right triceps. It can
be clearly seen that the selective responses to tendon tapping in these two muscles have been lost after the first assessment. Note

the multi-level responses on both sides. Ax: assessment.
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Table 5 Tendon tap and TVRs from biceps and triceps during four assessment sessions in nine participants with SCI

First Ax Second Ax Third Ax Fourth Ax
P Biceps Triceps Biceps Triceps Biceps Triceps Biceps Triceps
1 TTR: TTR: TTR: TTR: TTR: TTR: TTR: TTR:
TVR: v TVR: v/ TVR: v/ TVR: v TVR: v/ TVR: NR TVR: TVR: NR
2 TRV TTR: / TTR:MLR  TTR:MLR  TTR: MLR TTR: MLR  TTR: MLR TTR: MLR
TVR: v TVR: v/ TVR: MLR  TVR: MLR  TVR: MLR TVR: MLR  TVR: MLR TVR: MLR
3 TTR: MLR TTR: MLR Not assessed Not assessed Not assessed
TVR: MLR TVR: MLR
4  TTR: MLR TTR: MLR TTR:MLR  TTR: MLR  TTR: MLR TTR: MLR  TTR: MLR TTR: MLR
TVR: MLR TVR: MLR TVR: MLR  TVR: MLR  TVR: MLR TVR: MLR  TVR: MLR TVR: MLR
5 TTR: MLR TTR: MLR TTR:MLR  TTR:MLR  TTR: MLR TTR: MLR  TTR: MLR TTR: MLR
TVR: MLR TVR: MLR TVR: MLR  TVR: MLR  TVR: MLR TVR: MLR  TVR: MLR TVR: MLR
6 TTR:NR TTR: v TTR: NR TTR: TTR:NRTVR:NR  TTR: v/ TTR:fewRs  TTR: v/
TVR: NR TVR: +/ TVR: NR TVR: v TVR: v TVR: +/ TVR: +/
7  TIR:NRTVR:NR TTR:NRTVR:NR TTR:MLR TTR:MLR TTR: MLR TTR: MLR  TTR: MLR TTR: MLR
TVR: NR TVR: NR TVR: MLR TVR: MLR  TVR: MLR TVR: NR
8 TTR: MLR TTR: MLR TTR: MLR  TTR:MLR  TTR: MLR TTR: MLR  Not assessed
TVR: NR TVR: NR TVR:MLR  TVR:MLR  TVR: MLR TVR: MLR
9 TTR: MLR TTR: MLR Not assessed Not assessed Not assessed
TVR: MLR TVR: MLR

The TTR and TVR responses are two markers that can be used to investigate the existence of supraspinal influences over the motor
circuitry of the examined muscle. As it can be seen, participant 2, had normal TTR and TVR in both biceps and triceps, but he lost these
responses over time. MLR indicates the loss of inhibitory supraspinal influences on these muscles.

P: participant; TTR: tendon-tap response; TVR: tonic vibratory response; MLR: multi-level response; R: response; NR: no response; v/

normal response.

Not all spontaneous sprouting is useful. Clinically, it
has been shown that stimulation of lower limbs follow-
ing cervical SCI induces involuntary short-latency con-
tractions in the distal upper limbs.>° Such inter-limb
reflexes can appear by 6 months and increase thereafter,
indicating ongoing synaptic plasticity and strengthening
connections.”® But it has been suggested that these con-
nections do not necessarily confer functional benefit and
they might block access to synaptic sites by supraspinal
axons that might eventually be encouraged to sprout.

Plasticity will also occur at the supraspinal level after
SCI. A longitudinal functional magnetic resonance
imaging (fMRI) study was performed on six patients
with SCI over a 1-year period.?' During fMRI, individ-
uals in the sub-acute stage of their SCI performed a
simple self-paced wrist extension motor task. The
results showed little task-related activation within the
primary motor cortex and extensive activation in sensor-
imotor areas. The pattern was reversed over time and
with improved wrist movement, with greater recruitment
of motor areas.”! When the movement was performed
with a normal pattern of activity, the overall pattern
of cortical activation was similar to that of able-
bodied individuals. In a recent study, Freund et al.*?
assessed 13 patients after acute traumatic SCI clinically
and by magnetic resonance imaging in a prospective
longitudinal study over a year. They showed progressive
structural changes that were associated with neurologi-
cal and functional improvements.”” They concluded

that patients with greater corticospinal tract integrity
recovered more than those patients with low corticosp-
inal tract integrity.>?

Participant 2 showed expected responses to tendon
tapping and vibration on right biceps (5/5) and triceps
(1/5) muscles in his first assessment which was
181 days post his injury. Unfortunately, he lost the selec-
tivity of these responses over time, which is similar to the
behavior of neurons that have lost their inhibitory
supraspinal influences. This behavior has been reported
in previous studies as well.”**>*

The TTR and TVR responses are two markers that
can be used to investigate the existence of supraspinal
influences over the motor circuitry of the examined
muscle.”>?® Eklund and Hagbarth?’ described the
TVR response as a reflex muscular contraction in
response to a vibratory stimulus. In neurologically
intact people, mechanical vibration of low amplitude
(3mm) and a frequency of about 100 cycles per
second, efficiently produces a reflex contraction, which
increases slowly till a plateau is reached. Such a contrac-
tion remains as long as the vibration continues and dies
away a few seconds after vibrator removal. There are
five mechanisms whereby higher centers influence
spinal reflexes: direct input to alpha motor neurons,
excitation of segmental inhibitory interneurons,
actions on propriospinal neurons that travel to other
segmental levels, input to gamma motor neurons and
synapses on afferent terminals.
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Propriospinal interneurons, whose axons do not leave
the spinal cord, account for about 90% of spinal
neurons, and have either short or long axons which
project over several segments and regulate activity of
other local interneurons. It has been shown that loss
of brain control often yields a condition where the
central state of excitability within internuncial and pro-
priospinal interneuron networks is very high, promoting
activation of motor units serving antagonistic, ipsilat-
eral, and contralateral musculature.?®

Conclusion

Neuorehabilitation interventions aim to minimize the
impact of the injury on spinal cord functions and maxi-
mize the restoration of functional capabilities. To
achieve this goal, therapists need to be able to assess
their patients with more resolution, so they can tailor
their treatment plans based on an individual’s needs.
The quantifiable features of surface EMG may increase
the resolution of SCI characterization by adding subcli-
nical details to the clinical picture of lesion severity and
distribution.
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