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Lower extremity skeletal muscle function in persons with incomplete spinal

cord injury
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Study design: A cross-sectional study design.
Objectives: To characterize and specifically quantify impairments in muscle function after
chronic incomplete spinal cord injury (SCI).
Setting: University of Florida, Gainesville, FL, USA.
Methods: Voluntary and electrically elicited contractile measurements were performed and
voluntary activation deficits were quantitatively determined in the knee extensor and ankle
plantar flexor muscle groups in 10 individuals with chronic incomplete SCI (C5-T8, ASIA C or
D) and age-, gender-, height- and body weight matched healthy controls.
Results: Persons with incomplete-SCI were able to produce only 36 and 24% of the knee
extensor torque and 38 and 26% of the plantar flexor torque generated by noninjured controls
in the self-reported less-involved and more-involved limbs, respectively (Po0.05). In addition,
both indices of explosive or instantaneous muscle strength, torque200 (absolute torque reached
at 200ms) and the average rate of torque development (ARTD) were dramatically reduced in
the ankle plantar flexor and knee extensor muscle groups in persons with incomplete-SCI.
However, the deficit in instantaneous muscle strength was most pronounced in the ankle plantar
flexor muscles, with an 11.7-fold difference between the torque200 measured in the self-reported
more involved limb and a 5-fold difference in the less-involved limb compared to control
muscles. Voluntary activation deficits ranged between 42 and 66% in both muscle groups.
Interestingly, electrically elicited contractile properties did not differ between the groups.
Conclusion: The resultant impact of incomplete-SCI is that affected muscles not only become
weak, but slow to develop voluntary torque. We speculate that the large deficit in torque200 and
ARTD in the ankle plantar flexors muscles of persons with incomplete-SCI may limit locomotor
function. The results presented in this study provide a quantitative and sensitive assessment of
muscle function upon which future research examining rehabilitation programs aimed at
restoring muscle function and promoting functional recovery after incomplete-SCI may be
based.
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Introduction

Approximately 200 000 persons with spinal cord injury
(SCI) live in the United States alone; with roughly
11 000 new injuries occurring each year.1 In addition, the
relative number of new injuries is rising and expected to
have increased by approximately 20% by 2010, com-
pared to the 1994 prevalence. The reported costs

associated with the care and treatment of persons after
SCI is estimated to range between $15 000 and $125 000
annually, with an approximate lifetime total of
$435 000–$1 590 000.1 Interestingly, a significant propor-
tion of these costs can be related to the loss of skeletal
muscle mass and associated secondary health-related
complications,2 (ie non-insulin dependent diabetes
mellitus, cardiovascular disease, osteoporosis). A de-
crease in skeletal muscle function has been described as
one of the most significant problems impacting the
health care and quality of life of persons after SCI.2,3
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Consequently, the potential to decrease costs and
improve quality of life by maintaining or partially
restoring skeletal muscle size and function seems high.

Due, in part, to advancements in the quality of
emergency care, the relative number of injuries classified
as incomplete has risen dramatically over the past 20
years.4 In fact, the majority of new injuries occurring
annually are now classified as incomplete.1 Despite the
rise in the proportion of persons with incomplete-SCI;
the preponderance of scientific literature describing
the effects of SCI on skeletal muscle involves persons
with complete injuries.5–8 To date, very little data exits
describing muscle function in persons with chronic
incomplete-SCI. Interestingly, the innate plasticity
associated with incomplete-SCI furnishes these persons
with the potential to progress functionally to a greater
extent than the complete SCI population.9,10 In addi-
tion, novel intervention therapies have shown promise in
promoting spinal plasticity and motor function after
SCI. However, improvements in functional capacity
in persons with I-SCI with rehabilitation vary greatly
and the incidence of disability still remains high.11,12

In order to provide a foundation for the development
of rehabilitation strategies targeting neuromuscular
deficits in persons with incomplete-SCI, a need exists
to characterize and objectively quantify existing impair-
ments. Therefore, the purpose of this study was to
quantify lower extremity muscle function in persons
with chronic incomplete-SCI compared to age-, gender-,
height- and body weight matched healthy controls.
Specifically, we measured isometric peak torque and
performed measures of explosive or instantaneous
muscle strength in the knee extensor and ankle plantar
flexor muscle groups and quantified voluntary activa-
tions deficits using a combination of voluntary contrac-
tile measurements and superimposed electrical
stimulation.

Methods

Subjects
In total, 10 persons with chronic, upper motor neuron
lesions and motor incomplete-SCI participated. Char-

acteristics of the persons with incomplete-SCI are
provided in Table 1. Average age, height and body
mass7standard deviation (SD) at the time of the study
enrollment were 45.4714.8 years, 155.979.4 cm, and
79.9712.2 kg. Eight of the subjects were classified ASIA
D and two as ASIA C. Four subjects were able to
ambulate over ground, while six used a wheelchair as
their primary mode of locomotion. The incomplete-SCI
subjects were matched on the basis of age, gender,
height and weight with 10 recreationally active controls
(45.1714.9 years, 159.179.0 cm, and 78.0711.7 kg).
Prior to participating in the study, written informed
consent was obtained from all subjects, as approved by
the Institutional Review Board at the University of
Florida, Gainesville.

Experimental setup
Voluntary and electrically elicited contractile measure-
ments were performed in the self-reported more-
involved and less-involved limbs for the knee extensor
and plantar flexor muscle groups, using a Biodex System
3 Dynamometer (Biodex Medical Systems, Inc., 20
Ramsay Road, Shirley, NY 11967, USA). Knee extensor
testing was performed with subjects seated in an upright
position with hips flexed to B851 and knees flexed to
B901. The axis of rotation of the dynamometer was
aligned with the axis of the knee joint and the lever arm
secured against the anterior aspect of the leg, proximal
to the lateral malleolus. Testing of the plantar flexor
muscle group was performed with the hips flexed at
90–1001, the knee flexed at B101 and the ankle at B01
plantar flexion, as previously described.13,14 The anato-
mical axis of the ankle was aligned with the axis of the
dynamometer, while the foot was secured to the
footplate with straps placed at the forefoot and ankle.
Proximal stabilization was achieved with straps across
the chest, hips and thigh. Electrical stimulation was
performed using a Grass S8800 stimulator with a Grass
Model SIU8T stimulus isolation unit (Grass Instru-
ments, West Warwick, Rhode Island, USA). Electrically
induced contractions were delivered through two 3.000 by
5.000 self-adhesive neuromuscular stimulation electrodes

Table 1 Characteristics of incomplete SCI subjects

Level of injury ASIA classification Duration of injury (months) LEMS WISCI-II Mobility status

S1 C6 D 20 35 19 Ambulator
S2 T4 D 7 44 19 Ambulator
S3 C4 D 16 45 13 Wheelchair
S4 C6 C 14 15 8 Wheelchair
S5 C6 D 37 40 16 Wheelchair
S6 C4 D 18 48 20 Ambulator
S7 C8 D 28 37 16 Wheelchair
S8 C4 C 22 26 9 Wheelchair
S9 C5 D 16 34 13 Wheelchair
S10 C6 D 39 38 19 Ambulator
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placed over the proximal and distal portions of the
muscle group being tested.

The stimulator and the dynamometer were interfaced
with a personal computer through a commercially
available hardware system (MP150 system) (BIOPAC
systems Inc., Goleta, CA, USA). The data were sampled
at 400Hz and analyzed with commercially available
software (AcqKnowledge 3.7.1).

Voluntary contractile measurements
Prior to testing, subjects performed three warm-up
contractions to get familiarized with the testing proce-
dures. Subjects then performed three maximal voluntary
isometric contractions (B5 s each with 1min rest
intervals) while being given verbal encouragement. Peak
torque was defined as the highest value obtained during
the three maximal isometric contractions. In the event
that the peak torque values differed by more than 10%,
additional contractions were performed.

In addition to peak torque we also determined the
average rate of torque development (ARTD) and the
torque200, as indices of explosive muscle strength.
The ARTD was defined as the average increase in
torque generated in unit time, and was calculated in
the time interval corresponding to 20–80% of peak
amplitude, starting from muscle perturbation. This time
interval was selected to reduce the effect of errors in
calculating peak amplitude. Hence, ARTD was calcu-
lated through numerical differentiation as

ARTD ¼ 1

N

XN

i¼1

dfi
dt

where, N is the total number of time slots for numerical
differentiation, dfi is the change in torque in the time
slot i and dt is the unit time duration for a slot.
Torque200 was defined as the absolute torque reached
at 200ms during a maximal voluntary contraction
(Nm).

Electrically elicited contractile measurements
Peak twitch torque, time to peak twitch and twitch half-
relaxation time were determined by delivering a supra-
maximal electrical stimulus (600 ms pulse duration) to
the muscles at rest. Supra-maximal intensity was
determined by increasing the current voltage until twitch
torque production plateaued. Time to peak twitch and
twitch half-relaxation time were calculated from the
peak twitch contractions.

Voluntary activation deficits
Voluntary activation deficits were determined using the
twitch interpolation method.15 Briefly, a single biphasic
and supra-maximal pulse was delivered at rest and
during maximal voluntary isometric contraction. The
voluntary activation deficit was calculated based on the
ratio between the torques produced by the super-
imposition of a supra-maximal twitch on a peak

isometric contraction (a) and the torque produced by
the same stimulus in the potentiated, resting muscle (b).

Voluntary activation deficit ð%Þ ¼ ða=bÞ � 100:

Statistical analyses
Independent sample T-tests were used to determine if
differences existed between the groups. Comparisons
were made between the self-reported dominant side of
the controls and both the self-reported more involved
side and less involved side of the incomplete-SCI group.
For all analyses, significance was established when
Po0.05. Data are presented as means7standard error
of mean. All statistical analyses were performed using
SPSS for Windows, Version 11.0.1.

Results

Voluntary contractile measurements
Individuals after incomplete-SCI demonstrated signifi-
cant deficits in their ability to generate peak isometric
torque relative to noninjured controls in both the knee
extensor and plantar flexor muscle groups (Po0.05). A
representative ankle plantar flexor torque trace acquired
during a peak isometric contraction of both incomplete-
SCI and control subject is provided in Figure 1. The
peak torque deficit measured in both muscle groups was
of similar magnitude (Figure 2). Specifically, persons
after incomplete-SCI were able to produce 36 and 24%
of the knee extensor torque and 38 and 26% of the
plantar flexor torque generated by noninjured controls
in the less-involved and more-involved limbs, respec-
tively (Po0.01). Significant bilateral asymmetries were
noted in peak torque production between the self-
reported more-involved versus the less-involved limb in
both the knee extensor (57718 versus 85720Nm) and
plantar flexor muscle groups (2676 versus 3977Nm;
Po0.01).

Both indices of explosive muscle strength, ARTD
and torque200, were significantly lower in persons with

Figure 1 Representative torque–time curve. Drop down
arrows indicate time points at which peak torque is reached
in a representative incomplete-SCI and control subject. Shaded
areas indicate torque200 in both subjects
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incomplete-SCI relative to controls in both muscle
groups tested (Po0.01; Figures 3 and 4). Bilateral
asymmetries in torque200 and ARTD were specific to the
ankle plantar flexor muscles. Of interest to note is that
both indices of explosive muscle strength showed more
pronounced deficits in the ankle plantar flexor muscles
compared to the knee extensor muscles. In particular,
large deficits were noted in the torque200 of the ankle
plantar flexor muscles with an 11.7-fold difference
between the torque200 measured in the self-reported

more involved limb and a five-fold difference in the less-
involved limb compared to control muscles (Figures 1
and 3). The torque200 was 4.271.6Nm in the plantar
flexor muscles of the more-involved limb, 9.271.6Nm
in the less-involved limb and 47.279.2Nm in the
noninjured controls, respectively. In contrast, a 5.5-fold
difference and 3.7-fold difference was noted in the
torque200 measured in the knee extensor muscles
of the self-reported more involved (27.0713.2Nm)
and less involved limb (39.9712.3Nm) of incomplete-
SCI persons compared to noninjured controls
(148.6718.3Nm). Torque200 and ARTD data are
summarized in Figures 3 and 4.

Electrically elicited contractile measurements
No significant differences were found either within or
between-subject groups for measures of peak twitch
torque, time to peak twitch or half-relaxation times in
either the knee extensor or plantar flexor muscle groups
(Table 2).

Voluntary activation deficits
A significant injury related effect on the ability to
voluntarily activate the plantar flexor and knee extensor
muscle groups was noted. Activation deficits in the knee
extensors were 4278 and 6679% in the less involved
and more involved side, respectively, compared to only a
572% deficit in noninjured controls. The incomplete-
SCI group also demonstrated a 5376% voluntary
activation deficit in the less involved side and a

Figure 2 Peak torque (Nm) for the knee extensor and plantar
flexor muscle groups, comparing the dominant side of the
control with the more involved (more-involved) and less
involved limb (less-involved) of the incomplete-SCI group.
*Significant difference between control group and incomplete-
SCI group. wSignificant difference between the less-involved
versus the more-involved (Po0.05)

Figure 3 (a, b) Torque200 (Nm) for the knee extensor and
plantar flexor muscle groups, comparing the dominant side of
the control with the more involved (more-involved) and less
involved limb (less-involved) of the incomplete-SCI group.
*Significant difference between control group and incomplete-
SCI group. wSignificant difference between the less-involved
versus the more-involved (Po0.05)

Figure 4 (a, b) Average rate of torque development (ARTD)
(Nm/s) for the knee extensor and plantar flexor muscle groups,
comparing the dominant side of the control with the more
involved (more-involved) and less involved limb (less-involved)
of the incomplete-SCI group. *Significant difference between
control group and incomplete-SCI group. wSignificant differ-
ence between the less-involved versus the more-involved
(Po0.05)
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6478% deficit in the more involved side for the plantar
flexor muscle group, compared to a 572% deficit in
noninjured controls (Figure 5). Significant bilateral
asymmetries existed for both muscle groups for volun-
tary activation deficits (Po0.05, Figure 5). A represen-
tative torque trace acquired during a peak isometric
voluntary contraction with interpolated twitch is
provided in Figure 6.

Discussion

The development of novel intervention therapies to
promote the recovery of skeletal muscle function after
incomplete-SCI is one of the exciting paths of current
rehabilitation research.16–22 However, the translation of
these experimental therapies to the SCI population is
enormously challenging given the extreme heterogeneity
in presentation and response to treatment of this
population. As such, a comprehensive examination of
skeletal muscle function in this patient population might

aid in the development of targeted therapies aimed at
the recovery of muscle function after incomplete-SCI.
Accordingly, the present study demonstrates that after
chronic upper motor lesions and incomplete-SCI, both
knee extensor and plantar flexor skeletal muscles (1)
generate B70% less peak torque, (2) demonstrate
significant bilateral asymmetry in peak torque, which
matches the hierarchy for self-reported functional
deficits, (3) experience voluntary activation deficits
ranging between 42 and 66%, and (4) demonstrate large
deficits in the rate of torque development and instanta-
neous muscle strength. While in this study, both muscle
groups demonstrated significant impairments in ARTD
and torque200, more pronounced deficits were noted in
the ankle plantar flexor muscles and bilateral asymme-
tries in ARTD and torque200 were specific to the ankle
plantar flexor muscles. Given the role of the ankle
plantar flexor muscles in propulsion during gait, we put
forward that the latter impairments should be targeted
in rehabilitative interventions aiming to restore or
promote locomotion in this population.

The deficits noted between persons after incomplete
SCI and controls in their ability to generate peak torque
in the plantar flexor and knee extensor muscle groups

Table 2 Electrically elicited contractile measurements

Incomplete-SCI

Controls More-involved Less-involved

Knee extensors
Peak twitch force (Nm) 29.172.3 27.372.8 31.673.9
Time to peak twitch (ms) 123.375.8 135.675.3 129.375.8
Twitch-half relaxation time (ms) 73.875.7 107.1720.1 95.1711.0

Plantar flexors
Peak twitch force (Nm) 13.871.5 14.870.8 14.570.8
Time to peak twitch (ms) 143.877.2 143.977.3 144.375.2
Twitch-half relaxation time (ms) 116.277.2 125.779.2 127.3711.2

Figure 5 Voluntary activation deficits (%) for the knee
extensor and plantar flexor muscle groups, comparing the
dominant side of the control with the more involved (more-
involved) and less involved limb (less-involved) of the
incomplete-SCI group. *Significant difference between control
group and incomplete-SCI group. wSignificant difference
between the less-involved versus the more-involved (Po0.05)

Figure 6 Torque trace acquired during MVIC with inter-
polated twitch to quantify muscle activation deficit. A single
supramaximal intensity electrical stimulus was superimposed
on a maximal voluntary isometric contraction (a), as well as on
a resting, potentiated plantar flexor muscle (b)
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may appear somewhat intuitive. In addition, the
bilateral asymmetries observed may be considered
obvious by many after this type of injury. However,
no quantitative measurements of muscle function have
previously been reported in this population. Moreover,
we contend that the methodologies described here are
more suitable than traditional evaluative tests in
assessing impairments of muscle function in persons
with incomplete-SCI. Muscle strength assessments in
persons with incomplete-SCI are typically performed
using manual muscle tests during ASIA evaluations. The
ASIA is used routinely to describe the level of injury and
impairment and imply severity of injury.23,24 However;
this evaluative tool may not be adequate to direct
targeted rehabilitation interventions in persons with
incomplete-SCI. Manual muscle tests are subject to a
ceiling effect, lack sensitivity to change and have a
relatively poor inter-rater reliability, especially at scores
greater than 3.25,26

A myriad of physiological changes occur in persons
after SCI. Many of these changes are due to the direct
effects of the injury (ie neural circuitry disruption)
while others are secondary in nature and attributable
to a resultant decrease in neuromuscular activity. An
inability to voluntarily activate skeletal muscles may be
a product of both primary and secondary mechanisms.
Twitch interpolation is a commonly used method to
estimate the extent to which a person can voluntarily
activate a given muscle or muscle group.27–30 Our
findings of small activation deficits (B5%) in the
quadriceps and ankle plantar flexor muscles of non-
injured controls are consistent with those from other
laboratories.30 The activation deficits measured in
persons with incomplete-SCI (42–66%) are larger in
magnitude compared to those measured in patients early
after surgery or long-term immobilization.15,31 Accord-
ingly, persons with incomplete-SCI may benefit from
rehabilitation strategies that target voluntary activation
deficits to maximize skeletal muscle function, that is,
functional electrical stimulation or bio-feedback.32

While these interventions may not directly impact the
primary injury, they may be able to ameliorate the loss
of muscle function secondary to disuse or lack of
neuromuscular activity.

Perhaps the most functionally relevant characteristics
of muscle torque production for persons with incom-
plete-SCI are the indices of explosive strength. ARTD
is reflective of the average rate of contractile torque
development during maximum voluntary contraction
while torque200 is the absolute torque generated within
the initial 200ms of contraction and is indicative of the
magnitude of instantaneous torque. Both ARTD and
torque200 were significantly reduced in the ankle plantar
flexor and quadriceps muscle groups of persons with
incomplete-SCI. However, the deficit in instantaneous
strength was more pronounced in the ankle plantar
flexor muscles. It is our contention that the initial rate of
torque development and the instantaneous strength may
be most critical for performance of functional tasks
(ie walking). For example, steady-state walking is

characterized by repetitive, reciprocal contractions of
the plantar flexor muscles (ie propulsion at push off) that
must be accomplished in finite periods of time. A speed
commonly deemed necessary for persons to safely
ambulate in the community is 1.2m/s.17 At this speed,
the time it takes to complete one gait cycle (ie right heel
strike to right heel strike) is B1.0 s. Given that the
plantar flexor muscles are reported to be active for
B40% of the gait cycle and approximately 1/2 of that
time is spent generating concentric torque, roughly
200ms is available for torque generation by this muscle
group.33 Given this available time, plantar flexor
muscles must generate torque of sufficient magnitude
and at precise rates so as to propel the mass of the body
forward, translating to movement or walking.34 We
speculate that the large deficits in instantaneous torque
in the ankle plantar flexors observed in this study (11.7
and five-fold difference in torque200) may potentially
limit locomotor function in persons with incomplete-
SCI. Thus, rehabilitative strategies must be employed
that result in improved rates of torque production and
enhanced instantaneous torque to meet the imposed
demands of walking at community ambulating speeds.35

Although we chose to examine torque generation at
200ms based on our calculations of muscular demands
at a functionally minimal gait speed (1.0m/s), consid-
eration should also be given to the fact that as functional
improvements are realized, the contractile demands (ie
magnitude and rate of force production) will continue
to increase and the available time to generate torque
will decrease.

An interesting finding in the present study was the
lack of difference in the electrically elicited contractile
properties between persons after incomplete-SCI and
noninjured controls. Previous studies have used these
properties as a means to explain molecular and
histochemical changes that occur in skeletal muscle.2

Studies using both animal and human models have
provided evidence for faster contractile properties
following SCI.2,36–38 However, we observed no differ-
ences in the rate of rise or relaxation of electrically
elicited contractions in muscles after incomplete-SCI
relative to non-injured controls. This is somewhat
surprising in that both the knee extensor and plantar
flexor muscle groups have been characterized by faster
contractile speeds following SCI.36,37 These findings
have been used to support the idea of a fiber type
transformation following SCI (slow-fast). However,
whether a fiber type transition occurs after incomplete-
SCI and the timeline for any potential shift are yet
unclear. Thus, further research and tissue sampling is
warranted before we can make any suggestions towards
the muscle fiber type transformation based on contrac-
tile properties in this population.

In conclusion, this study characterizes the impair-
ments in lower extremity skeletal muscle function in
persons after incomplete SCI relative to noninjured
controls. The examination of knee extensor and plantar
flexor muscle groups in this study is clinically mean-
ingful given the antigravity responsibilities of each of
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these muscle groups and their purported roles in
standing and locomotor function.39,40 Reduced peak
torque production, ARTD and torque200, as well as
increased voluntary activation deficits were found to be
characteristic of affected muscles below the level of
incomplete SCI. In addition, a hierarchy of these
impairments existed between limbs with significant
bilateral asymmetries in the plantar flexor muscle group
for all variables tested. This characteristic asymmetry
suggests that recovery and response to rehabilitation
may be specific to each side, with rate-limiting factors to
functional performance potentially being limb rather
than subject specific. We speculate that the large deficit
in the rate of torque development and instantaneous
torque in the ankle plantar flexors of persons with
incomplete-SCI limits locomotor function.
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