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Motor Control in Patients with Incomplete Spinal Cord
Injuries and Various Voluntary Movement Capabilities
Shih-Wei Chou, MD, PhD; Yu-Cheng Pei, MD; Cheng-Hsiu Lai1, PhD;
Chia-Hua Kuo2, PhD; Tieh-Cheng Fu, MD; Wei-Hsien Hong, PhD
Background: In this study, we attempted to verify the hypothesis that further improvements in volitional movement of patients with a spinal cord injury would
diminish and ultimately suppress the segmental responses, while enhancing
the supraspinal inhibitory influence.
Methods:
Eleven patients with an incomplete spinal cord injury and partial preservation of motor function (ASIS grades C and D) were recruited. Their lower
limbs were evaluated using polyelectromyography (PEMG) during voluntary
movements, reinforcement maneuvers, tonic vibratory reflex, passive stretch
reflex, irradiation of the passive stretch reflex (PSRirrad), and plantar reflex
suppression.
Results:
The reinforcement maneuver response, tonic vibratory response, passive
stretch reflex, and PSRirrad were most active in limbs with partially preserved volitional movement, but for which patients were still incapable of
lifting their heel off the examination table. In contrast, plantar reflex suppression was strongest in limbs with partially preserved volitional movement, for
which patients were capable of lifting the heel off the examination table.
Conclusions: Supraspinal inhibitory effects were most active in those limbs which were
capable of lifting the heel off the examination table, compared to limbs with
partially preserved volitional activity but without visible movement or which
were incapable of lifting the heel off the examination table. The capability
for volitional activity paralleled the supraspinal inhibitory effects.
(Chang Gung Med J 2005;28:349-56)
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T

he presence of brain excitatory and inhibitory
influences has been demonstrated for neurological functions below the level of the spinal cord lesion
in patients with clinically complete spinal cord
injuries (SCIs).(1) Segmental responses, elicited by a
reinforcement maneuver,(1) tonic vibratory reflex,(2,3)
and passive stretch reflex (4) were shown in SCI

patients using surface polyelectromyography
(PEMG) in a Brain Motor Control Assessment
(BMCA). In addition, plantar reflex suppression,
which reflects preservation of the descending
inhibitory influence, might respond in patients with
clinically complete SCIs.(5)
Investigators' next step is to determine to what
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extent residual motor control influences segmentally
organized movement in patients with incomplete
SCI, i.e., the relationship between the capability for
residual motor control and organized movement in
patients with incomplete SCI.
BMCA is a multi-channel PEMG technique,
which provides a comprehensive assessment of
motor control in spasticity.(6) BMCA has even been
used to indicate descending control in apparently
paralyzed subjects.(7,8) This method has been proven
to provide objective, quantifiable, and reproducible
assessments of SCI patients with different levels of
motor control.(1)
In this work, we proposed that further improvements in the volitional movement of SCI patients
would diminish and ultimately suppress the segmental responses, since suprasegmental control shares
common segmental interneurons during the execution of such volitional movements. On the other
hand, plantar reflex suppression was postulated to be
positively correlated with improvements in volitional
movement, since the supraspinal inhibitory influence
parallels the capacity for volitional movement.

METHODS
Patients

Patients were selected from 99 patients with
incomplete SCIs who had received a total of 162
standardized BMCA examinations. Incomplete SCI
was determined using clinical neurological and
BMCA examinations. Eleven patients, including 3
males and 8 females, whose first tests met the following inclusion criteria, were recruited. Their ages
ranged from 23 to 67 (mean, 41) years. Lesion levels
of the SCIs were between C4 and T10, and the time
interval from the onset of injury to initiation of our
study ranged from 3 to 178 (mean, 44) months.
Informed consent was obtained from all patients in
accordance with the principles of the Helsinki
Declaration and with the approval of the Review
Board for Human Research of Chang Gung
Memorial Hospital.
Inclusion criteria were SCI patients with incomplete loss of motor function in the bilateral lower
limbs (ASIA C or D) and spinal reflex activity preserved with normal lumbosacral evoked potentials
(LSEPs).
Those who were taking anti-spastic medications
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or displayed significant comorbidities, such as pressure ulcers, active bladder infection, or an unstable
medical condition, were excluded from this study.
Instrumentation

PEMG recordings (Astro-Med, West Warwick)
were used to document motor control.(9) During the
standardized sequence of the examination, the
patient was placed in a comfortable supine position.
Pairs of recessed, silver-silver chloride-surfaced
electrodes were placed 3 cm apart over the midline
of the muscle bellies of the quadriceps, hip adductors, hamstrings, tibialis anterior, and triceps surae
muscles of each leg. The skin was prepared by lightly abrading it to obtain an electrode impedance of
less than 5 kW for each electrode pair. PEMG channels were amplified using Grass 12A amplifiers with
a gain of 5000 over a bandwidth of 40~600 Hz, digitized at 1800 samples per channel with 12-bit accuracy using the CODAS ADC (DATAQ Instruments,
Akron, OH).
Procedures

Each patient received a series of examinations,
including (1) a reinforcement maneuver, (2) voluntary movement, (3) tonic vibratory reflex, (4) passive
stretch reflex, (5) irradiation of the passive stretch
reflex (PSRirrad), and (6) plantar reflex suppression.
During each examination, surface PEMG was concurrently recorded. The PEMG activities were then
analyzed off-line to document the amplitude and pattern for each PEMG response.
(1) Reinforcement maneuver

Five different reinforcement maneuvers were
tested. The first maneuver, a deep breath, was carried
out by asking the patient to inhale quickly, hold the
breath for the duration of a command tone, and finally, forcefully exhale. For the second maneuver, the
patient was asked to tightly close his/her eyes during
the tone. In the third, the patient clenched his/her jaw
during the tone. The fourth, the patient was requested
to lift his/her head, pressing against a pressure bag
sensor by isolated neck flexion. For the fifth maneuver, the pressure sensor was placed between the
palms and the patient vigorously pressed his/her
hands together against the sensor (a modified
Jendrassik maneuver). If paralysis of the upper
extremities was such that the Jendrassik maneuver
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could not be carried out, a modified form employing
forceful shrugging of the shoulders was used. Each
reinforcement maneuver was held for 3 s in response
to a command tone with a 3-s duration. Each maneuver was attempted 3 times with a 5-s inter-maneuver
interval.
The existence of a reinforcement maneuver
response was counted for each maneuver, indicated
by a PEMG response occurring in at least 1 of the
recorded muscle groups. A significant PEMG
response was defined as PEMG activity of greater
than 5 µV, which was elicited in at least 2 of the 3
attempts for each maneuver.
(2) Voluntary movements

Voluntary flexion of the bilateral hips and knees,
followed by voluntary extension of the bilateral hips
and knees, was attempted 3 times.
(3) Tonic vibratory reflex

A pneumatic vibrator was applied to elicit the
tonic stretch reflex. The vibrator was placed over the
patellar tendon and over the Achilles tendon, with
the patient relaxed and lying in the supine position.
Vibration was delivered for at least 30 s, while the
PEMG responses were closely recorded.
For each limb, we respectively measured the
effect of vibration on the patellar and Achilles tendons. Response activity was counted as being present
if the activity was sustained with a tonic character
and exceeded 20 µV.
(4) Passive stretch reflex

The passive stretch reflex was manually tested
using the examiner's hands. The maneuver consisted
of hip and knee flexion together (first phase) followed by extension (second phase). Each phase was
maintained for a minimum of 5 s to ensure sufficient
time for the subject's responses to plateau. The average amplitude of the greatest PEMG response among
all recorded muscle groups was calculated. The
response activity was counted as being present if the
average amplitude exceeded 100 µV and was elicited
in at least 2 of the 3 attempts.
(5) Irradiation of the passive stretch response
(PSRirrad)

The PSRirrad was counted as occurring if a contralateral irradiation response was present during the
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passive stretch reflex.
(6) Plantar reflex suppression

This maneuver consists of stroking the plantar
surface 3 times in a manner analogous to that used to
elicit Babinski's sign, followed by 3 additional
attempts. During each attempt, the patient was told
that the stimulus had been given and was asked to
voluntarily attempt to suppress the response by
relaxing the limb.
The plantar reflex suppression was counted as
being present for each individual limb if the response
amplitude to the plantar stimulus was decreased by
the suppression attempt and such inhibition occurred
in at least 2 of the 3 attempts.
Data Analysis

The PEMG responses during volitional movements and reinforcement maneuvers were recorded
for off-line analyses. The PEMG amplitude and pattern were analyzed. Based on voluntary movement
capabilities, we divided the 22 studied limbs into the
following 3 groups: (1) group 1, the no volitional
movement group, with PEMG activity preserved but
without visible volitional movement; (2) group 2, the
partial volitional movement group, with partially
preserved volitional movement but being incapable
of lifting the heel off the examination table; and (3)
group 3, the full volitional movement group, with
volitional movement preserved and being capable of
lifting the heel off the examination table.
Comparisons of the prevalence (number of positive responses/number of attempts) of each maneuver
among the 3 study groups were analyzed descriptively. Differences in prevalences between the highest
and lowest values exceeding 50% were taken as
being obvious.

RESULTS
PEMG activity in volitional movement and
reinforcement maneuvers

The 22 limbs studied were divided into 3
groups. Examples of PEMG responses during a reinforcement maneuver (neck flexion) and volitional
movements are given in Figure 1. Group 1 was
defined as having movement patterns with PEMG
activity preserved but without visible volitional
movement. At the same time, a lower amplitude of

Shih-Wei Chou, et al
Motor control in patients with incomplete SCI

352

distinctively different PEMG patterns. Group 2 was
defined as having movement patterns with volitional
movement preserved but being incapable of lifting
the heel off the examination table. The volitional
movements and reinforcement maneuvers displayed
similar PEMG patterns. Group 3 was defined as having movement patterns with volitional movement
preserved and being capable of lifting the heel off the
examination table. The PEMG patterns illustrated
volitional muscle contraction in each muscle.
Different patterns between volitional movements and
reinforcement maneuvers were demonstrated.
Accordingly, 6, 8, and 8 limbs were assigned to
groups 1, 2, and 3, respectively.
Tonic vibratory reflex

Table 1 demonstrates that the capability for voluntary movement was obviously dependent on the
presence of the tonic vibratory reflex. The prevalence of the tonic vibratory reflex was highest in
group 2, lower in group 3, and lowest in group 1.
Reinforcement maneuver

The capability for voluntary movement was not
obviously dependent on the presence of the reinforcement maneuver response. The prevalence of the
reinforcement maneuver responses was highest in
group 2, lower in group 3, and lowest in group 1
(Table 1).
Table 1. Prevalence of Motor Control Features in Patients with
Incomplete SCI
Limbs

Fig. 1 PEMG activities and patterns in the 3 study groups,
during neck flexion (1 of the reinforcement maneuvers) and
volitional flexion/extension movements in the bilateral hips
and knees. Group 1: the no volitional movement group, with
PEMG activity preserved but without visible volitional movement. Group 2: the partial volitional movement group, with
volitional movement partially preserved but being incapable
of lifting the heel off the examination table. Group 3: the full
volitional movement group, with volitional movement preserved and being capable of lifting the heel off the examination table.

PEMG activity during volitional movement and only
traces of PEMG activity during the reinforcement
maneuvers were displayed. However, the volitional
movements and reinforcement maneuvers displayed

Prevalence (positive responses/attempts)

(n)

RMR

TVR

PSR

PSRirrad

PRS

Group 1

6

Group 2

8

Group 3

8

0.13
(4/30)
0.35
(14/40)
0.22
(9/40)

0.25
(3/12)
0.81
(13/16)
0.62
(10/16)

0.33
(2/6)
0.75
(6/8)
0.25
(2/8)

0.67
(4/6)
1.00
(8/8)
0.38
(3/8)

0.17
(1/6)
0.50
(4/8)
0.88
(7/8)

Abbreviations: RMP: reinforcement maneuver response; TVR: tonic
vibration reflex; PRS: plantar reflex suppression; PSRirrad: irradiation of
the passive stretch reflex; PSR: passive stretch reflex.

Passive stretch reflex

Although the capability for voluntary movement
was not found to be obviously dependent on the
presence of the passive stretch reflex, the prevalence
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tended to be highest in group 2, lower in group 1,
and lowest in group 3 (Table 1).
PSRirrad

The capability for voluntary movement was
obviously dependent on the prevalence of the
PSRirrad. The prevalence of the PSRirrad was highest in group 2, lower in group 1, and lowest in group
3 (Table 1).
Plantar reflex suppression

The prevalence of plantar reflex suppression
progressively increased from group 1 to group 2 and
then group 3, and was obviously associated with the
capability for voluntary movement (Table 1).

DISCUSSION
Figure 2 demonstrates a postulated model of
motor control in patients with incomplete SCI and
different levels of voluntary control and SCI severity.
Based on the capability for voluntary movement, we
divided the 22 limbs studied into the following 3
groups: (1) group 1, the no volitional movement
group, with PEMG activity preserved but without

Fig. 2 Postulated model of motor control in patients with
incomplete SCI and different levels of voluntary control and
SCI severity. PSRirrad: irradiation of the passive stretch
reflex. Incomplete: incomplete SCI was defined as neurophysiological measures revealing subclinical evidence of
brain influence below the lesion although the lesions appeared
to be clinically complete.(1)
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visible volitional movement; (2) group 2, the partial
volitional movement group, with volitional movement partially preserved but being incapable of lifting the heel off the examination table; and (3) group
3, the full volitional movement group, with volitional
movement preserved and being capable of lifting the
heel off the examination table. In this model, nonspecific excitation by a supraspinal excitatory influence
(a reinforcement maneuver response), supraspinal
influence (a tonic vibratory response), and segmental
activity (passive stretch reflex and PSRirrad) were
most active in group 2, and less active in groups 1
and 3. In contrast, the supraspinal inhibitory influence (plantar reflex suppression) paralleled the capability for voluntary movement, which was highest in
group 3 and lowest in group 1. In group 3, the
absence or reduction of nonspecific excitation by the
supraspinal excitatory influence, and of the
supraspinal influence and segmental activity might
reflect the increased supraspinal inhibitory effects,
which was supported by an increase in the
supraspinal inhibitory influence. In group 1, in contrast, the absence or reduction of nonspecific excitation by the supraspinal excitatory influence, and of
the supraspinal influence, segmental activity, and
also the supraspinal inhibitory influence might indicate substantial loss of descending control.
Insufficient suprasegmental input in group 1
resulted in the trace PEMG response of the lower
limbs during both specific voluntary and nonspecific
reinforcement events. The fact that the PEMG patterns were similar between specific suprasegmental
control (volitional movements) and nonspecific
suprasegmental control (reinforcement maneuvers)
in group 2 indicates that common segmental
interneurons are shared by both events. Specific and
nonspecific control systems are supposed to utilize a
common pattern generator of the reorganized spinal
cord to generate a similar PEMG pattern in specific
and nonspecific controls. In contrast, the PEMG patterns in group 3 differed between the specific and
nonspecific controls. This indicates that the limbs in
group 3 could effectively utilize specific suprasegmental control rather than utilizing a common pattern generator. Powerful voluntary control in group 3
suppressed the nonspecific suprasegmental excitatory influence (e.g., the reinforcement maneuver
response) and the suprasegmental influence on the
segmentally organized reflex (e.g., the tonic vibra-
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tion reflex).
Incomplete SCI is defined as neurophysiological
measures revealing subclinical evidence of brain
influence below the lesion, although the lesions
appear to be clinically complete.(1) The tonic vibration response is dependent on suprasegmental
input(10) and has been proven to be present in patients
with incomplete SCI.(2,3) However, a tonic vibration
response cannot be elicited in complete SCI, such as
in subjects with complete division of the spinal
cord.(11,12) Healthy subjects also demonstrated less of a
tonic vibration response than SCI patients.(13) Hence,
the tonic vibratory response follows a Gaussian distribution through the severity spectrum of SCI, with
smaller responses in completely injured and uninjured patients.(14) Limbs in group 2 reflect intermediate SCI injury and, therefore, those values were scattered around the peak of distribution.
Segmental reflex activity elicited by passive
stretch maneuvers also appears to follow a Gaussian
distribution through the severity spectrum of SCI.
The most-severe spasticity and the highest motor
unit excitability in passive stretch maneuvers were
found in non-ambulatory patients with incomplete
SCI, compared to ambulatory patients with incomplete SCI or those with complete SCI.(4) Loss of
suprasegmental input in group 1 and with residual
suprasegmental inhibition in group 3 may account
for the diminished segmentally organized responses
(passive stretch reflex and PSRirrad). The descending influence on the segmental reflex was proven to
be on the interneuron level, which then projects to
motor neurons.(15,16) Limbs of group 2 had adequate
suprasegmental influence converging on the intact
segmental reflex arc and as a result, produced an
exaggerated segmental reflex.
The ability to suppress the plantar reflex
increased as volitional control increased with SCI.
Preservation of descending control obviously exerts
a suppressive effect on the plantar reflex in SCI
patients.(5) Accordingly, impairment of motor control
evidently results from removal of descending inhibition rather than from generation of descending facilitation.
In limbs with partially preserved volitional
movement and which are capable of lifting the heel
off the examination table, the absence or reduction of
nonspecific excitation by supraspinal excitatory
influence, and of supraspinal influence and segmen-
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tal activity appears to reflect the increased
supraspinal inhibitory effects, which were supported
by an increase in the supraspinal inhibitory influence. In limbs with partially preserved volitional
activity but without visible movement, the absence
or reduction of nonspecific excitation by supraspinal
excitatory influence, and of supraspinal influence,
segmental activity, and also supraspinal inhibitory
influence might indicate the substantial loss of
descending control.
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