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Abstract
Study design Pretest-posttest design.
Objectives To investigate mechanisms by which short-term resistance training (6 weeks) increases strength of partially
paralysed muscles in people with spinal cord injury (SCI).
Setting Community-based setting, Sydney, Australia.
Participants Ten community-dwelling people with partial paralysis of elbow flexor, elbow extensor, knee flexor or knee
extensor muscles following SCI (range 5 months to 14 years since injury).
Methods Muscle architecture and strength were assessed before and after participants underwent a six week strength-
training program targeting one partially paralysed muscle group. The outcome of primary interest was physiological cross
sectional area (PCSA) of the trained muscle group measured using magnetic resonance imaging (MRI) and diffusion tensor
imaging (DTI). Other outcomes were changes in mean muscle fascicle length, muscle volume, pennation angle, isometric
strength and muscle strength graded on a 13-point scale.
Results The mean increase in maximal isometric muscle strength was 14% (95% CI, −3 to 30%) and 1.5 points (95% CI,
0.5 to 2.5) on the 13-point manual muscle test. There was no evidence of a change in muscle architecture.
Conclusion This study is the first to examine the mechanisms by which voluntary strength training increases strength of
partially paralysed muscles in people with SCI. The data suggest that strength gains produced by six weeks of strength
training are not caused by changes in muscle architecture. This suggests short-term strength gains are due to increased neural
drive or an increase in specific muscle tension.

Introduction

Partial paralysis is one of the most common impairments
experienced after spinal cord injury (SCI). Partial paralysis
of a specific muscle is caused by disruption to some but not
all the motor pathways to that muscle [1]. The paralysis can
occur at or below the level of injury. Partial paralysis
manifests as weakness (a reduction in the ability to generate
muscle force voluntarily), which can severely impair motor
function [2].

Previous studies have demonstrated the effectiveness of
strength training for improving voluntary strength in the
partially paralysed muscles of people with SCI [3–5]. For
example, we conducted a randomized controlled trial in
which participants underwent strength training for 12 weeks
[3]. Training increased strength by a mean of 4.3 Nm (95%
CI; 1.9 to 6.8) or 24% of initial strength.
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In able-bodied individuals (i.e., people without paralysis)
the mechanisms that contribute to strength gains are quite
well understood. Both central and peripheral factors induce
gains in strength [6–8]. It is thought that neural adaptations
(central factors) occur soon after strength training is initi-
ated. Substantial peripheral adaptations (such as muscle
hypertrophy) are typically not observed until after 6 or
8 weeks of strength training [9–13]. However, we hypo-
thesised that, in people who have partial paralysis and are
very weak, hypertrophy might occur earlier than 6 weeks
[14].

The mechanisms by which training increases strength in
partially paralysed muscles following SCI are not known.
However one small randomised trial (n= 9) used MRI to
measure muscle anatomical cross-sectional area (ACSA) of
completely paralysed quadriceps muscles before and after
12 weeks of training with neuromuscular electrical stimu-
lation against resistance [15]. Training increased the ACSA
of the knee extensor muscles by 35% and increased the
ACSA of the knee flexors by 16%. As this study used
electrically stimulated contractions to increase the strength
of completely paralysed muscles it is not possible to draw
conclusions from this study about the response of partially
paralysed muscles to voluntary resistance training.

A key issue in quantifying peripheral responses to
training is the measurement of muscle cross-sectional area.
The physiological cross-sectional area (PCSA) of a muscle
is the area of a hypothetical slice that passes transversely
through all of the fibres of the muscle [16, 17]. It is the main
peripheral determinant of the intrinsic force generating
capacity of a muscle [16]. The best way to calculate PCSA
is to divide muscle volume by mean fascicle length. Usually
muscle volume is measured with MRI, CT scans, or ultra-
sound imaging [18–20], and fascicle length is measured
with ultrasound imaging [21]. A limitation of ultrasound
measurements of fascicle length is that they are obtained
from planar (two-dimensional) images, usually at just one
site in the muscle [22–24].

New methods, based on MRI and DTI, can be used to
measure muscle fascicle length of whole muscles in three
dimensions [25, 26]. These methods potentially provide
more accurate measures of PCSA than methods that
use ultrasound measurements of muscle volume and muscle
fascicle length. DTI has not been used yet to measure
training-induced changes in muscle architecture in people
with SCI.

We conducted a preliminary investigation of the
mechanisms by which short-term voluntary strength train-
ing increases voluntary muscle strength in partially paral-
ysed muscles following SCI. A novel feature of this study is
the use of MRI and DTI to measure changes in muscle
architecture, such as changes in PCSA that may contribute
to changes in strength.

Methods

A single-group pretest-posttest study was conducted on
community-dwelling people with chronic SCI. Participants
trained a partially paralysed muscle group for 6 weeks.
Muscle architecture was measured before and after training
using MRI and DTI. The trial was retrospectively registered
with the Australian New Zealand Clinical Trials Registry
(ACTRN12618001606279). All applicable institutional and
governmental regulations concerning the ethical use of
human volunteers were followed. The study was approved
by the relevant ethics committees. Participants gave written
informed consent.

Participants

Ten people with SCI were recruited from the community in
Sydney, Australia. People were eligible to participate if they
had any type of SCI (i.e., complete or incomplete as defined
by the International Standards for Neurological classifica-
tion of SCI (ISNCSCI)), had partial paralysis (grade 1 to
4 strength on a 6-point manual muscle test [27]) in one of
the target muscle groups (elbow flexor, elbow extensor,
knee flexor or knee extensor muscles), were aged 18 years
or over at the time of consent, were willing to participate in
the trial, and did not have any neurological condition other
than the spinal cord lesion.

People were excluded if they had any condition pre-
venting testing or training of the target muscle group (for
example unstable fractures in the target limb or uncontrolled
spasticity), had completed more than three consecutive
weeks in the last 3 months of progressive resistance training
for the target muscle group, were unable to co-operate, had
insufficient English to provide informed consent, or were
expected to be unable to remain still in the MRI scanner for
the duration of the scan.

Intervention

One target muscle group was selected for each participant
from the following muscle groups: elbow flexors, elbow
extensors, knee flexors or knee extensors. The selected
muscle group was partially paralysed. If more than
one muscle group was suitable for inclusion, we chose
the muscle group expected to benefit most from strength
training or the muscle group the participant most wanted to
train. Participants trained the target muscle group on one
side of the body, three times a week for 6 weeks. The
training program adhered to the principles of progressive
resistance training. Training consisted of 40 maximal con-
tractions in four sets of ten, with 2 min rest between sets.
The first two sets of ten repetitions were isometric con-
tractions and the second two sets of ten repetitions were
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concentric contractions. We chose to train participants using
concentric and isometric contractions because the findings
of a small crossover trial, one of the few trials of strength
training in individuals with SCI, suggested isometric train-
ing produced larger increases in strength than concentric
strength training [5]. Resistance was applied manually by a
therapist because, with very weak muscles, it is difficult or
impossible to provide the target resistance using free
weights or isokinetic dynamometry. The therapist ensured
that the resistance was sufficient to exhaust the participant
by the end of the set, so that the participant was unable to
perform another intense contraction after the tenth. If, over
the course of the training program, a participant’s strength
increased to the extent that the therapist was no longer able
to provide sufficient resistance, weights were applied to the
participant’s limb to provide additional resistance. When
training sessions were missed, additional sessions were
provided to make up missed sessions.

Assessment

Participants had an MRI scan and underwent a strength
assessment prior to commencing the strength-training pro-
gram. The scan and strength assessment were repeated
48–72 h after the last training session. The outcome of
primary interest was the PCSA of the trained muscle group.
Other outcomes were mean fascicle length, muscle volume,
mean pennation angle, isometric strength and muscle
strength graded on a 13-point scale.

Muscle architecture (PCSA, mean fascicle length, muscle
volume and pennation angle)

Participants were positioned supine on the MRI scanner
bed. If scanning the hamstrings, a wedge was placed under
the knee so that the thigh was suspended to avoid com-
pression of the muscle from the weight of the leg. Scans
were obtained at a single joint angle. The participant was
asked to remain relaxed and still during the scan.

A 3 Tesla MRI scanner (Achieva TX; Philips Medical
Systems, Best, The Netherlands) with a 32-channel cardiac
coil was used to obtain mDixon, T1-weighted (Fig. 1) and
DTI images of the thigh from the proximal end of the femur
to the top of the knee joint or for the upper arm from the
proximal end of the humerus to the elbow joint. The fol-
lowing imaging parameters were used. mDixon: 2-point 3D
multi-echo mDixon fast field echo (FFE) sequence, TR/TE1/
TE2= 5.9/3.5/4.6 ms, field of view (FOV)= 180 × 180mm,
acquisition matrix= 180 × 180 (reconstructed to 192 × 192),
slice= 1mm, number of slices= 320 and scan time of 334 s.
T1-weighted: TSE sequence, TR/TE= 700/12ms, FOV=
180 × 180 mm, acquisition matrix= 256 × 188 (recon-
structed to 864 × 864), slice= 4mm, number of slices= 80

and scan time of 250 s. DTI: EPI sequence, TR/TE= 9050/
60ms, diffusion gradient time Δ/δ= 29.6/8.2ms, FOV=
180 × 180 mm, acquisition matrix= 80 × 78 (reconstructed
to 112 × 112), slice= 5mm, number of slices= 50, number
of signal averages= 4, b-value= 500 s/mm2 (b0 with b= 0
s/mm2), number of gradient directions= 16 on a hemisphere,
fat suppression: spectral attenuated inversion recovery
(SPAIR) and scan time of 606 s. To correct for local inho-
mogeneities in the magnetic field, the DTI scan was preceded
by a B0-calibration using the following settings: 3D FFE,
FOV= 180 × 180mm (reconstructed to 112 × 112), slice=
5mm, number of slices= 50, TR/TE/ΔTE= 30/4.6/2.3 ms,
NSA= 2.Total scan time was ~23min per session.

Muscle segmentation

The quadriceps, hamstrings, biceps or triceps muscles were
manually outlined (segmented) using imaging processing
software (ITK-SNAP, www.itksnap.org). We manually
segmented one of the (pre-or post-training) images for each
participant and then used registration algorithms (Elastix)
[28, 29] to segment the second image based on the first.
Segmentation was carried out by a researcher who did not
know whether the scan was obtained before or after
training.

Muscle architecture measurements were extracted from
the anatomical MRI scans and DTI data using methods
described in more detail elsewhere [26]. Briefly, three-
dimensional muscle surface models were created from the
muscle segmentations. Muscle volumes were defined as the
volumes of the surface models. Deterministic DTI tracto-
graphy algorithms were used to generate a large number of
fibre tracts within a muscle. The fibre tracts were extended
so that they terminated on the muscle surface or on intra-
muscular tendons, like real muscle fascicles [26]. Fascicle
reconstructions were only included if the angle between the
slopes at either endpoint of a fascicle was between 135 and
180° (so that fascicles could not curve back in on them-
selves), and fascicles were longer than 20 mm and shorter
than 200 mm, were extrapolated to the aponeuroses by
<40% of their total length, and had curvatures <30/m.
Reconstructions of all muscles were visually inspected by a
team of researchers who were blinded to whether the
reconstruction was obtained before or after training.
Reconstructions that showed unrealistic alignment of mus-
cle fascicles or had a sparse distribution of fascicles were
excluded from further analysis. The fascicle length and
pennation angle of a muscle were calculated as the median
fascicle length and pennation angle of all fascicles recon-
structed in that muscle. To determine the effect of training,
the mean measurement of muscle fascicle length or pen-
nation of all muscles of all participants before training was
compared to the mean value after training. PCSA was
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calculated by dividing muscle volume by median fascicle
length.

Muscle strength

Isometric strength of the target muscle was tested using a
dynamometer (Cybex Norm with Humac, CSMi,
Stoughton, MA, USA). Participants were positioned in the
testing chair with the target limb firmly strapped to the
dynamometer arm. They were asked to perform four max-
imal contractions, lasting about three to five seconds each,
while being provided visual feedback of the torque they
produced and verbal encouragement to push as hard as they
could. A one-minute rest was given between contractions.
The largest force measured during the four contractions was
taken to be the participant’s isometric strength.

Muscle strength was also measured using a 13-point
manual muscle test scale (see Table 1). This scale was
adapted from the traditional 0 to 5 point manual muscle test
by adding scale increments.

Statistical analysis

Effects of training

The mean effects of short-term training on PCSA, mean
fascicle length, volume and pennation angle were estimated
from the mean changes over the training period. Confidence
intervals were obtained using the t-distribution.

Sample size

Sample size calculations were based on the changes in
ACSA with 12 weeks of training reported by Gregory et al.
[30]. They reported mean (SD) changes in the ACSA of the
ankle plantarflexor and knee extensor muscles of 14% (SD
4) and 8% (SD 2), respectively. If we conservatively
assume the larger SD (4%), a sample size of 10 participants
would provide a better than 90% power to detect an increase
in cross-sectional area of 5% with a two-tailed paired-

samples test and a rejection probability under the null
hypothesis of 5%.

Results

The demographic characteristics of the 10 participants are
presented in Table 2. Most participants had chronic injuries,
and all had incomplete injuries with neurological levels
ranging from C3 to L1 and motor levels ranging from C3 to
L3 as defined by the ISNCSCI.

The protocol dictated that participants train three times a
week for 6 weeks (total 18 training sessions). This was
largely achieved: a median of 18 training sessions (IQR 17
to 18) was provided over the six weeks. No participant
withdrew from the study.

On average, muscle volume increased by 1% (95% CI,
−5 to 6%), PCSA decreased by 5% (95% CI, −16 to 6%),
mean fascicle length increased by 8% (95% CI, −7 to 24%)
and mean pennation did not change (mean 0%; 95% CI,
−12 to 13) in the trained muscle. None of these effects were
statistically significant (p > 0.05; Fig. 2 and supplementary
data).

The mean increase in maximal isometric muscle strength
measured using the isokinetic dynamometer was 14% (95%
CI, −3 to 30%). The mean change in strength measured on
the 13-point manual muscle test scale was 1.5 points (95%
CI, 0.5 to 2.5).

Discussion

This exploratory study constitutes a first step towards
understanding the mechanisms by which short-term volun-
tary strength training increases the strength of partially
paralysed muscles in people with spinal cord injury. To our
knowledge, no previous studies have examined the effects
of voluntary strength training on muscle architecture fol-
lowing SCI. We found that 6 weeks of strength training
increased the isometric strength of partially paralysed

Fig. 1 Example of transverse
slices from the a T1-weighted
scan and b mDixon scan (water
image) obtained approximately
mid-thigh in one participant. c
Example of a three-dimensional
reconstruction of the surface and
fascicles (shown as lines) of the
biceps femoris longhead. The
T1-weighted image is shown
as well
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muscles by on average, 14% and by 1.5 points on the 13-
point manual muscle test scale. We did not nominate a
minimally worthwhile treatment effect prior to the com-
mencement of the study because the study was primarily
designed to explain the possible mechanisms underlying
strength changes. Nonetheless, most would consider an
increase of 14% (as measured with dynamometry) and 11%
(as measured with the 13-point manual muscle test) as
probably meaningful for most patients. Interestingly,

despite the increase in strength we found no evidence of a
systematic change in muscle architecture. The observation
that strength increased but muscle architecture did not
suggests that the increases in strength were mediated by
mechanisms other than by changing muscle architecture
(e.g., muscle hypertrophy). One such mechanism could be
an increase in muscle specific tension (i.e., an increase in
the intrinsic capacity of the muscle to generate force per unit
of cross-sectional area.). The second possible mechanism
could be by enhancement of the excitation provided by the
nervous system to the muscle (neural drive). We cannot be
sure how much each of these mechanisms contributed to the
gains in strength as we did not measure specific tension or
muscle activation.

The study had several limitations. We did not endeavour
to conduct a parallel randomised controlled trial because
that would have required a much larger number of scans and
the cost of conducting and analyzing scans is high. We
considered conducting a randomised cross-over design but
an analysis suggested the potential bias associated with any
achievable wash-out period would probably be greater than
the bias inherent in a (single-group) pretest-posttest design.
Therefore, we used a pretest-posttest design. The lack of
randomisation means that we cannot completely rule out the
possibility that the findings were biased by changes in
muscle architecture that would have occurred over time
without training, or which were an artifact of repeated
measurement. However majority of participants had chronic
injuries, so it is unlikely that muscle architecture would
have changed over a 6 week period. A larger randomised
study with a control group would provide a more rigorous
test of our findings.

Another limitation to the study, which may explain the
lack of change in muscle architecture, is the short training
period (6 weeks). In able-bodied individuals, changes in

Table 1 13-point manual
muscle test

Grade Points

0 0 No palpable contraction

1 1 Visible or palpable contraction but unable to move

1+ 2 Able to move through a small range with gravity eliminated

2− 3 Able to move through a large range with gravity eliminated

2 4 Able to move through a full range with gravity eliminated

2+ 5 Able to move through a small range against gravity

3− 6 Able to move through a large range against gravity

3 7 Able to move through a full range against gravity

3+ 8 Able to move through a small range with light resistance

4− 9 Able to move through a full range with light resistance

4 10 Able to move through a full range with moderate resistance

4+ 11 Able to move through a full range with heavy resistance

5 12 Normal strength

Table 2 Characteristics of participants (n= 10)

Age (years), median (IQR) 42 (33 to 62)

Sex (F:M) 3:7

Neurological level

C1–4 3

C5–8 1

T1-S5 6

Trained muscle

Elbow flexors 1

Elbow extensors 0

Knee flexors 6

Knee extensors 3

Time since injury (years), median (IQR) 1.9 (1.1 to 3.9)

AIS classification

A 0

B 0

C 4

D 6

Motor level Left Right

C1–4 2 1

C5–8 2 3

T1-S5 6 6
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muscle architecture are typically observed only after 6 or
8 weeks of strength training. We thought that because
these participants were initially weak, architectural
changes may have occurred more quickly [14], but this
does not seem to be the case. If we had trained our par-
ticipants for longer periods, we may have observed mus-
cle architectural changes. That does not negate the novelty
of the study: no previous studies have examined the
mechanisms by which voluntary strength training increa-
ses strength of partially paralysed muscles, so this finding
—that strength increases produced in partially paralysed
muscles by 6 weeks of training are not mediated by
hypertrophy—is new.

We chose to train the participants using concentric and
isometric contractions because the findings of a small cross
over trial, one of the few trials of strength training in
individuals with SCI, suggested isometric training produced

larger increases in strength than concentric strength training
[5]. However, studies of able-bodied individuals suggest
that eccentric contractions lead to larger hypertrophic
responses than isometric and concentric exercise [31].
Future studies could investigate whether concentric, iso-
metric or eccentric exercise induces the most hypertrophy in
people with SCI.

To our knowledge, this is the first study to use DTI to
measure muscle architecture in people with SCI. It is more
difficult to segment MR images of skeletal muscles from
people with SCI than from able-bodied individuals, perhaps
because the muscles of people with SCI may be severely
atrophied and appear to contain more fat. To reduce the
errors that would otherwise result from comparing pre- and
post-training images, we manually segmented one of the
(pre- or post-training) images for each participant and then
used automated algorithms to segment the second image

Fig. 2 Pre- and post-training
measurements of muscle
volume, PCSA, median fascicle
length, median pennation angle
and strength in all 10
participants. Bars and error bars
are means and SDs. Data from
individual participants are
shown with participant-specific
symbols. KE knee extensors, KF
knee flexors, EF elbow flexors
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based on the first, which meant that muscle borders were
segmented consistently, if not accurately.

We used DTI to measure muscle architecture because
DTI allows for non-invasive study of muscle fibre archi-
tecture and is not associated with radiation risks. Unlike
ultrasound imaging, DTI is able to generate measurements
in three dimensions from the whole muscle [24]. However,
DTI suffers from a low signal-to-noise ratio. Noise in the
computed tensor fields can lead to poorly reconstructed
muscle fibre fields and may cause error in measurements of
muscle architecture. Our PCSA measurements are also
potentially problematic as we measured PCSA by dividing
volume by fascicle length at a particular joint angle rather
than at optimal fascicle length. Measuring optimal fascicle
length would have been ideal, but currently it is not pos-
sible, or at least would be very difficult, to measure fascicle
lengths at optimal fascicle length in human muscles in vivo.
Nonetheless, the MRI images allowed us to obtain good
measurements of muscle volume and anatomical cross-
sectional area, and these measurements were not changed
by 6 weeks of training. This increases our confidence in the
conclusion that short-term training did not appreciably
change muscle architecture.

In conclusion, we did not find any evidence that 6 weeks
of strength training changed the architecture of partially
paralysed muscles of people with SCI. Given the limitations
of our measurements it is not possible to definitively con-
clude that short-term training did not increase PCSA.
However, the fact that muscle volumes, which can be
measured accurately from MRI, did not change strengthens
the conclusion that peripheral adaptations made little or no
contribution to increases in strength. Strength gains pro-
duced by 6 weeks of strength training of partially paralysed
muscles of people with SCI are likely the result of improved
neural drive to muscles or increases in specific muscle
tension rather than changes in muscle architecture.

Data availability

Data set available in supplementary material.
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