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Abstract—The aim of this study was to evaluate the use of ultrasound imaging (USI) as a diagnostic tool to assess
muscle function after a spinal cord injury (SCI). Ultrasound videos of the gastrocnemius medialis muscle were
recorded both at rest and during attempted maximum voluntary contraction (MVC) for fifteen participants with
a SCI and fifteen able-bodied controls. Measurements were repeated at monthly intervals for participants in the
SCI group during their inpatient stay. Differences in muscle echogenicity and thickness were detected between
both able-bodied and SCI groups and subgroups of SCI participants, suggesting USI can detect and monitor
changes in muscle structure which are characteristic of atrophy. Decreased muscle movement in the SCI groups
was also detected during attempted MVC. The ability of USI to distinguish between different levels of function
demonstrates the potential of USI as a quantitative tool to assess muscles. (E-mail: j.miller.6@research.gla.ac.
uk) © 2020 The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in
Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Key Words: Skeletal muscle, Spinal cord injury, Ultrasound imaging.

more susceptible to fatigue, which is thought to be
caused by fibre-type transformation: A shift in fibre composition results in a higher proportion of fast-twitch
fibres that are less resistant to fatigue (Gordon and Mao
1994; Burnham et al. 1997).
Currently, neuromuscular status in the SCI population is assessed with a physical examination known as a
manual muscle test, in which a clinician grades a
muscle’s
ability
to
generate
a
contraction
(Kirshblum et al. 2011). The results from these tests can
then be combined with the results of sensory tests to
yield an overall grade on the American Spinal Injuries
Association (ASIA) Impairment Scale. Electromyography can also be used to provide quantitative measurements of muscle activity. These tests provide valuable
information; however, they are limited in their ability to
differentiate between different muscles, assess deeper
muscles, or detect very small muscle movements
(Ellaway et al. 2011).
There is a need for more quantitative and sensitive
assessment methods to describe the structural and functional changes in muscles after a SCI, to assess recovery
and provide an accurate prognosis. Furthermore,
improved assessment methods would facilitate the

INTRODUCTION
The spinal cord is part of the central nervous system and
forms the main connection between the brain and the
rest of the body, allowing communication by transmitting sensory and motor signals. When the spinal cord is
injured, this exchange of information is disrupted, often
leading to muscle paralysis and loss of sensation
(Silva et al. 2014). Although the muscles are not directly
affected by the injury, the lack of activation that follows
results in structural changes within weeks, months or
even years after the injury has occurred. These changes
include a reduction in the size and number of muscle
fibres, known as muscle atrophy. This is attributed either
to denervation, where the motor neurons themselves are
damaged, or disuse, where damage to the spinal cord
blocks synaptic input from higher segments and results
in a lack of muscle activation (Gordon and Mao 1994;
Castro et al. 1999; Biering-Sprensen et al. 2009). In the
spinal cord injury (SCI) population, muscles are also
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implementation of appropriate rehabilitation strategies
and allow the effectiveness of emerging technologies to
be evaluated. Modalities such as magnetic resonance
imaging (Gorgey and Dudley 2007) and dual-energy
X-ray absorptiometry (Giangregorio and McCartney
2006) have been reported to provide measurements of
the changes that occur in muscles as the result of atrophy; however, because of cost and accessibility, these
techniques are limited to research and are not often used
in a clinical setting. Measurements of bioelectrical
impedance can also be used to monitor muscle mass;
however, these results should be interpreted with caution
as they are influenced by fluid retention
(Nakanishi et al. 2019).
Over recent years, ultrasound imaging (USI) has
emerged as an additional tool for the assessment of
muscles. By allowing internal structures such as
muscles to be visualised, descriptions of morphology
including size, shape and structure can be obtained.
Furthermore, the dynamic nature of USI allows muscle
activity to be measured through changes in these
parameters during contractions (Whittaker et al. 2007;
Daniels and Dexter 2013).
Ultrasound imaging of skeletal muscles is well
established, with several studies describing its ability to
make accurate measurements of muscle size and establishing relationships between muscle activity and
changes in architectural parameters (Narici et al. 1996;
Hodges et al. 2003; Shi et al. 2007; Mayans et al. 2012;
Lindberg et al. 2013). These changes in architectural
parameters are often compared with measurements of
torque
obtained
from
a
dynamometer
(Ichinose et al. 2000; Reeves and Narici 2003;
Maganaris et al. 2006; Chen et al. 2012). In this study,
this is done to provide a comparative measurement of
muscle function in the lower limb. In addition, recent
technological advances allow USI to obtain these measurements with excellent resolution.
Since the work of Heckmatt et al. (1980), USI has
also been widely used to screen for several neuromuscular abnormalities (Brockmann et al. 2007;
Pillen et al. 2007, 2008; Grimm et al. 2015;
Harding et al. 2016). Characteristics such as increased
muscle echogenicity, that is, how bright or white the
muscle appears on the ultrasound image, and reduced
muscle thickness allow the use of USI to reliably detect
muscle abnormalities such a muscular dystrophy and
motor neuron disease. Various presentations of these key
measurements allow differentiation between different
disorders, particularly between myopathies and neuropathies (Pillen et al. 2008). Grimm et al. (2013) and
Cartwright et al. (2013) also found that similar changes
occurred in people who were hospitalised for a prolonged period. In these cases, the muscles were not
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directly affected by disease but were immobilised
because of the illness.
Despite the wide range of studies indicating the use
of USI as a diagnostic tool, to our knowledge the only
work that has investigated its use for assessing muscles
affected by SCI was Bjerkefors et al. (2015), which
focused on the detection of muscle movement but did
not investigate the morphology of the muscle.
The aim of this study was to evaluate the use of USI
as a diagnostic tool to assess muscles after a SCI by
recording ultrasound videos of muscles in both healthy
and SCI populations and making measurements of muscle
morphology. The hypothesis is that USI will be able to
detect changes in muscle structure as a result of atrophy
and differentiate between different levels of function.
METHODS
Participants
Fifteen participants with a SCI (9 male and 6
female, 55 § 18 y [mean § SD]) and 15 able-bodied participants (ABs) of the same sex and comparable age (54
§ 16 y [mean § SD]), were recruited for this study.
Written informed consent was given by all participants.
Ethics approval was obtained from the Regional
National Healthcare Research Ethics Committee, and the
study was performed in accordance with the Declaration
of Helsinki.
Participants with a SCI were inpatients at the Queen
Elizabeth National Spinal Injuries Unit, Glasgow, who
had an incomplete SCI affecting their lower limbs and
were expected to remain inpatients for at least 3 months.
Able-bodied participants were in self-reported good
health with no known neuromuscular disorders. Participants in the SCI group completed monthly sessions until
they were discharged, all completing at least three sessions except for one participant who withdrew from the
study after only two sessions. Each of the ABs completed a single session. Demographic information for all
participants in the study is provided in Table 1. It should
be noted that although two participants presented as
ASIA A on admission, all participants had an incomplete
injury by the first session (i.e., at least ASIA B).
Experimental procedures
Participants were seated on the chair of a dynamometer (Biodex, Shirley, NY, USA) with their right
foot strapped to the attachment to record ankle torque, as
illustrated in Figure 1. A linear ultrasound probe (LV7.5/
60/128 Z-2), 59 mm in length with a 50 mm scanning
depth, was connected to an ultrasound device (Echo
Blaster 128, both Telemed, Vilnius, Lithuania) and was
secured over the gastrocnemius medialis (GM) muscle
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Table 1. Demographics of participants
SCI ID No.

Age (y)*

Sex

Injury level

ASIA scorey

Time since injury (wk)z

No. of sessions

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

63 [58]
20 [24]
23 [25]
79 [77]
49 [54]
67 [58]
48 [43]
58 [57]
53 [56]
46 [47]
35 [39]
73 [74]
71 [71]
67 [67]
67 [62]

M
F
F
M
F
F
F
M
M
M
F
M
M
M
M

C4
C4
T11
C4
C5
C7
C6
C4
C4
C4
C5
C2
T9
C2
T10

C
C
A
C
D
A
C
C
C
C
C
D
D
C
C

9
9
13
4
6
12
13
8
6
8
8
10
8
11
9

3
3
4
2
4
6
3
5
6
7
5
5
4
4
3

Summary

55 § 18
[54 § 16]

9M
6F

C4
T11

A: 2
C: 10
D: 3

9§3

4§1

SCI = spinal cord injury.
* Age of SCI participant [able-bodied control].
y ASIA score obtained on admission.
y Time since injury at assessment session 1.

using a custom-made bracket, with water-based ultrasound gel applied between the probe and the skin.
Ultrasound videos of the GM muscle and ankle
torque were recorded while the muscle was at rest
and during attempted maximum voluntary contractions (MVCs), where participants were instructed to
contract their muscle as strongly as possible for
approximately 10 s. Ultrasound videos were recorded
using Echowave software (Telemed), and the output
of the dynamometer was acquired on a data acquisition card (DAQCard 6036 E, National Instruments,

Austin, TX, USA). The experiments were run using
custom-written MATLAB scripts and Simulink models (R2014b, The MathWorks, Natick, MA, USA),
and data were processed offline.
The GM was selected as ultrasound images of
this muscle reveal clear parallel boundaries, allowing
the use of software to track changes in muscle shape.
This software, which is described in detail in the next
section, has previously been reported to be successful
in tracking changes in the shape of the GM
(Darby et al. 2012).

Fig. 1. Diagram of experimental setup depicting participant seated on chair of dynamometer with the ultrasound probe
over the gastrocnemius muscle.
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Fig. 2. (a) Ultrasound image of gastrocnemius muscle with selected region of interest. (b) Corresponding histogram of pixel gray-scale values; the red line represents the mean value (g).

Data analysis

the upper and lower aponeuroses from the muscle tissue itself. The ASM is created by manually labelling
frames with marker points on the boundaries of the
muscle to create a point distribution model, which
models variations in shape, and combining this with a
Gaussian model of pixel intensity at each marker.
The Hessian matrix, which describes local curvature
using pixel intensity, is then used to select features
that are tracked by the LucasKanadeTomasi
(KLT) tracking algorithm. Features are tracked frame
to frame by aligning the feature template with the
new image. Regional movement is then quantified by
a matrix of measurement probes placed across the
image. The position of the probes is initialised based
on the ASM segmentation on the first frame, and is
then updated in each subsequent frame based on triangular interpolation of the KLT features. Figure 3 is
a visual representation of each of these steps implemented in the tracking software. Figure 3a illustrates
the automatic segmentation process used to calculate
muscle thickness, while Figure 3b illustrates the
matrix of measurement probes used to calculate displacement, numbered according to row and column.

Muscle echogenicity. Greyscale analysis quantitatively describes the echogenicity of the muscle for a single
frame. A region of interest (ROI) was manually selected to
include the largest possible area of the muscle but not the
aponeuroses. Only pixels within this ROI were used for the
greyscale analysis. Histograms allow the distribution of
pixel grey-scale values to be evaluated, as illustrated in
Figure 2. The mean (g) was also calculated to describe
muscle echogenicity as a single representative value
PN
g
ð1Þ
g¼ i¼1 i
N
where g i is the grey-scale value of the ith pixel, and N is
the total number of pixels within the ROI.
Tracking of muscle shape. Measurements of muscle thickness and regional displacement were obtained
using
tracking
software
developed
by
Darby et al. (2012): A commonly used algorithm for
shape detection, the active shape model (ASM), performs automatic segmentation by carrying out a probabilistic search for known shapes in new images to separate

a

b

Fig. 3. Ultrasound image of the gastrocnemius muscle annotating the two main steps in the tracking software: (a) segmentation and (b) feature tracking.
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Muscle thickness (Q) is calculated based on the
position of the markers along the muscle boundaries and
is defined as the average distance between the upper and
lower aponeuroses

2 
2ﬃ
PM qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x
x
þ
y
y
ðU;iÞ
ðL;iÞ
ðU;iÞ
ðL;iÞ
i ¼ 1
Q ¼
ð2Þ
M
where fxðU;iÞ yðU;iÞ g and fxðL;iÞ yðL;iÞ g are the x and y
coordinates of the ith marker on the upper (subscript U) and
lower (subscript L) aponeurosis, respectively, and M is the
number of markers placed along each muscle boundary.
Muscle deformation (d) is the change in muscle
thickness, DQ ¼ QQ0 , as a percentage of the resting
thickness (Q0 ):
DQ
 100%
d¼
Q0

ð3Þ

Muscle displacement is the regional movement
within the muscle and is defined as the summation of the
changes in measurement probe position (Dp) between
adjacent frames,
Dpmn ðf Þ ¼

ﬃ
X qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
ðxmn ðf Þxmn ðf 1ÞÞ þ ðymn ðf Þymn ðf 1ÞÞ

ð4Þ
where Dpmn is the displacement of a measurement probe
in row m and column n between frame number f and the
previous frame.
The distance a measurement probe has travelled
over several frames can also be used to calculate the
average speed, v, of a muscle contraction during that
period,
PFe
f ¼Fs Dpmn ðf Þ
vmn ¼
ð5Þ
t ðFe Þt ðFs Þ
where vmn is the average speed of a measurement probe
in row m and column n, and t(Fs) and t(Fe) are the times
corresponding to the frame at the start (Fs) and end (Fe)
of the period, respectively.
In this study, the speed of muscle contraction was
calculated during the first 2.5 s of an attempted
MVC ðtðFe ÞtðFs Þ ¼ 2:5 sÞ. This time frame was chosen because it was found to be sufficient for participants to
reach their maximum level of torque, allowing speed to be
calculated for the initial phase of the contraction without
taking into account the participant’s attempt to sustain it.
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that were found to be normally distributed to determine
whether or not different groups shared a common mean. In
cases in which data were not normally distributed, the KruskalWallis test was used instead. A p value <0.05 was
considered to indicate a statistically significant difference.
Cohen’s d effect size (Sawilowsky et al. 2011) was
also calculated as an alternative measurement of the difference between two groups,
d¼

x1 x2
s

ð6Þ

where x is the group mean, and s is the standard deviation of the data.
Grouping of participants
For comparisons between the AB and SCI groups,
measurements from all AB participants and all participants with SCIs for each session are included. To determine if USI could differentiate between different groups
of SCI participants, the SCI group was further divided
into subgroups on the basis of the following criteria:
1. Time post-injury: Participants with a SCI were
divided into groups based on the time since their
injury occurred. Based on the range of data collected, the three periods used were 03, 36 and
69 mo post-injury.
2. Torque level: Participants with a SCI were divided
into groups based on the amount of torque they were
able to produce during an attempted MVC. Based on
the range of data collected and the torque values produced by the able-bodied controls (which were generally in the range of 2060 N¢m), 010 N¢m was
considered low-level torque, 1020 N¢m was considered medium-level torque and >20 N¢m was considered a high level of torque.
There was a large variation in the time since injury
at session 1 and the number of sessions completed by
each SCI participant. There is also variation in the severity of the injury and the amount of recovery, meaning
that some participants had improved torque levels, some
had low-level torque throughout and some were able to
produce high levels of torque during the first session. As
a result, the different SCI groups do not contain the same
number of measurements.
RESULTS

Statistics
The Statistics Toolbox in MATLAB (R2019a, The
MathWorks) was used for all statistical analysis. For all
measures, normality was assessed using the Shapiro-Wilk
test. A one-way analysis of variance was performed on data

Muscle echogenicity
In Figure 4 are histograms of the greyscale values
for all pixels, for time post-injury (Fig. 4a) and torquelevel (Fig. 4b). In Figure 4a, SCI participants 03 mo
post-injury exhibited a small shift to higher greyscale
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Fig. 4. Histograms of the greyscale values for AB participants and different groups of SCI participants. AB = able-bodied participants; SCI = participants with spinal cord injury.

values compared with able-bodied participants, whereas
those 69 mo post-injury exhibited a larger shift to
higher greyscale values, indicating the muscle ROI
appears brighter. In contrast, there appears to be no difference between SCI participants with different torque

a

levels, with histograms of SCI participants with low and
high torque in Figure 4b showing a similar shift to higher
greyscale values compared with the AB group.
The boxplots in Figure 5 confirm an increase in the
mean gray-scale values for SCI participants compared

b
Time Post-Injury

Torque

***
***
150
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SCI

**

*

***

100

50
N/A

0-3
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200

Mean Greyscale Value

Mean Greyscale Value

200

AB
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***
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150

100

50
Normal
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Medium
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Torque Level

Fig. 5. Boxplots of the mean greyscale values of pixels for AB participants and different groups of SCI participants. *p
< 0.05. **p < 0.01. ***p < 0.001. AB = able-bodied participants; SCI = participants with spinal cord injury.
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Fig. 6. Boxplots of the resting muscle thickness for AB participants and different groups of SCI participants. *p < 0.05,
**p < 0.01. ***p < 0.001. AB = able-bodied participants; SCI = participants with spinal cord injury.

with able-bodied participants, with the AB group found
to be statistically significantly different from all SCI
groups. The difference in gray-scale values increases
with time post-injury (see Fig. 5a). There is a statistically
significant difference between SCI participants at 03
mo and SCI participants at 69 mo. The effect size
between these two groups was found to be large
(d = 0.95). There was also a statistically significant difference between SCI at 03 mo and SCI at 36 mo;
however, only a medium effect size was calculated
(d = 0.65). The results in Figure 5b illustrate that torque
level does not appear to affect muscle echogenicity in
SCI, with no statistically significant differences between
SCI groups of different levels.
Muscle thickness
Figure 6 illustrates that the muscle was thinner for
all SCI groups compared with the AB group, with each
SCI group exhibiting a statistically significant difference

from the AB group. Figure 6a indicates that there are no
significant differences between different times postinjury within the SCI group; however, muscle thickness
does appear to decrease with torque level (Fig. 6b). For
SCI, low and high torque levels were found to differ significantly, which is associated with a very large effect
size (d = 1.39). There is also a significant difference and
a large effect size (d = 1.01) between medium and high
torque levels in SCI. The difference between low and
medium torque levels in SCI did not reach statistical significance, but had a medium effect size (d = 0.65). The
p value and effect size for all measurements of the muscle at rest are given in Table 2.
Muscle behaviour during attempted MVC
In Figure 7 each of the main outcome measures is
plotted over time for one AB participant and the age- and
sex-matched SCI participant during an attempted MVC.
Figure 7a illustrates the torque produced; Figure 7b, the

Table 2. p Values and Cohen’s d effect size for measurements of the muscle at rest (mean greyscale and muscle thickness).
Mean grey scale

Time post-injury
AB and 03 mo
AB and 36 mo
AB and 69 mo
03 and 36 mo
03 and 69 mo
36 and 69 mo
Torque level
AB and low
AB and medium
AB and high
Low and medium
Low and high
Medium and high

Resting thickness

p Value

Effect size

p Value

Effect size

1.75 £ 104
2.21
1.05 £ 105
0.03
0.01
0.29

1.20
1.51
1.46
0.65
0.95
0.42

6.99 £ 106
1.36 £ 104
7.59 £ 104
0.59
0.55
0.70

1.38
1.25
1.29
0.26
0.17
0.10

1.56 £ 107
0.001
3.75 £ 106
0.03
0.01
0.29

1.44
1.21
1.39
0.65
0.95
0.42

4.70 £ 107
1.04 £ 104
0.03
0.07
9.92 £ 107
0.01

1.70
1.40
0.76
0.65
1.39
1.01
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Fig. 7. Outcome measures plotted over time for a single AB participant and the age- and sex-matched SCI participant
during attempted MVC. The green area represents the time during which participants were instructed to attempt the
MVC (t = 1525 s). AB = able-bodied participants; SCI = participants with spinal cord injury; MVC = maximum voluntary contraction.

deformation of the muscle; and Figure 7c, the displacement of the muscle at rows 1, 5 and 10 (cf. Fig. 3).
Muscle deformation during attempted MVC
appears to be slightly lower for SCI participants than for
AB participants, as illustrated in Figure 8. However,
there are no significant differences between AB and SCI
groups or between different SCI groups, and only small
to medium effect sizes are observed.
A reduction in muscle displacement with decreasing torque level is seen in Figure 9a. There are significant differences between all torque levels within the SCI

Normalised Deformation (% )

Muscle Deformation
AB
SCI

15
10
5

group for all positions of the muscle except row 1. All
positions of the muscle also exhibit a significant difference between the AB group and SCI group with low torque. At row 10 and columns 4 and 8, there is also a
significant increase between the AB group and SCI
group with high torque.
A similar decrease with torque is also seen for the
speed at which the muscle contracted during an attempted
MVC (see Fig. 9b). There are significant differences
between all torque levels in the SCI group for all muscle
positions except row 1, where there is no significant difference between high and medium torque levels.
There are also significant differences between AB
and all SCI groups in the superficial to deep direction
(all rows), while in the proximal to distal direction, significant differences were seen only between low and
medium torque (columns 1 and 4) or for low torque only
(column 8).

0

DISCUSSION
-5
Normal

High

Medium

Low

Torque Level

Fig. 8. Boxplots of maximum muscle deformation (d) during
attempted MVC for able-bodied participants and different
groups of spinal cord injury participants. AB = able-bodied participants; SCI = participants with spinal cord injury;
MVC = maximum voluntary contraction.

The aim of this study was to evaluate the use of USI
as a diagnostic tool for assessing muscles affected by a
SCI. Ultrasound videos of the GM in both able-bodied
and SCI populations were recorded. Measurements of
muscle echogenicity, resting thickness and muscle
movement were made to assess how well USI can detect
changes in muscle structure as a result of atrophy and
how this relates to muscle function.
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Fig. 9. Boxplots of muscle displacement measurements at different positions during attempted MVC for AB participants
and different groups of SCI participants. *p < 0.05. **p > 0.01. ***p > 0.001). See Figure 3 for the row/column locations. AB = able-bodied participants; SCI = participants with spinal cord injury; MVC = maximum voluntary contraction.

The increase in the greyscale values of pixels indicates an increase in muscle echogenicity and agrees with
the structural changes that occur in muscles as a result of
atrophy. Muscles normally appear dark in ultrasound
images as most of the sound waves emitted are absorbed
by the tissue. In contrast, the connective tissue that surrounds both the muscle itself (epimysium) and the fascicles within the muscle (perimysium) have a different
acoustic impedance and cause many of the sound waves
to be reflected back to the ultrasound transducer as echoes. This results in the characteristic bright boundaries
and striated appearance, which allow muscles to be easily identified. A muscle that appears brighter is generally
an indication that there are a larger number of reflective
surfaces (Pillen et al. 2008). One possible explanation
for this increase in echogenicity in SCI is that as the
muscle atrophies, the size and number of muscle fibres
decrease, leading to a higher proportion of connective
tissue, and fat infiltration occurs, both of which lead to
an increased number of reflective surfaces.
It should also be considered that other factors such
as increased subcutaneous tissue and oedema could

contribute to the increase in greyscale values, as this
would also cause an increase in reflective surfaces. The
effects of this have been reduced as far as possible by
considering only the pixels within a manually selected
ROI that contains muscle tissue alone.
Whatever the exact mechanism, participants with a
SCI exhibited an increase in the greyscale values of
muscles. USI was able to detect statistically significant
differences both between the AB group and SCI groups
and between SCI groups at different times post-injury,
suggesting that USI not only can detect muscle atrophy,
but can also monitor its progression. As there is no statistically significant difference between SCI groups with different torque levels, it appears that this is not a factor that
affects muscle echogenicity. This is in agreement with the
findings of Gordon and Mao (1994), who suggested that
muscle atrophy was not necessarily correlated with muscle activity, but appeared to be more affected by load
bearing; that is, the GM muscle may be able to produce
relatively high levels of torque but it will not be loaded if
the other muscles in the legs do not support standing or
walking. As all SCI participants in this study were
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wheelchair users, this would explain why there is not a
significant difference between different torque levels.
Muscle shortening is also thought to be a factor that contributes to muscle atrophy (Baker and Matsumoto 1988;
Pierotti et al. 1991), hence the presence of contractures
could also explain differences in the amount of muscle
atrophy. In contrast, it has been suggested that muscle
spasticity may actually reduce the effects of disuse atrophy by maintaining muscle contractions (Cha et al. 2019).
There are therefore several factors contributing to the
amount of muscle atrophy besides the amount of torque
the muscle is able to produce.
The reduction in resting muscle thickness seen
between the able-bodied and SCI groups is also characteristic of muscle atrophy. As the number and size of
muscle fibres decrease, it follows that the overall thickness of the muscle would also decrease. Again, USI was
able to detect statistically significant differences between
the AB and SCI groups and between different SCI
groups. Conversely to the greyscale results, time since
injury appeared to have no effect on muscle thickness,
with no significant differences between the different
groups. On the other hand, there were significant differences between low and high levels of torque, suggesting
that measurements of muscle thickness are more representative of the functional status of the muscle. There is
a statistically significant difference between medium and
high torque but not between low and medium torque,
and medium to high torque also has a larger effect size.
This suggests that measurements of muscle thickness
may be more sensitive to differences in torque levels
above a certain threshold, possibly because of the infiltration of fat preserving some muscle bulk.
Overall, the combination of these measurements,
muscle echogenicity and resting thickness, provides accurate information on the level of muscle atrophy. These
changes in muscle structure could provide valuable information when assessing muscle function, implementing a
rehabilitation strategy and assessing its effectiveness.
Ultrasound imaging also detected differences in
muscle behaviour during attempted MVC; however,
movement at the regional level appears to be much more
useful than movement of the muscle as a whole. Muscle
deformation, a measure of the thickness change of the
entire muscle, did not statistically significantly differ
between AB and SCI or different torque levels. This
could be explained by surrounding muscles’ compression of the GM muscle, resulting in the change in muscle
thickness being measured not accurately representing
the level of activation. This theory is further reinforced
by the negative change in muscle thickness seen for
some participants.
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Muscle displacement, on the other hand, decreases
with torque level, differing significantly between all SCI
groups. This is to be expected as muscles more affected
by paralysis will move less. This is seen consistently
across all positions of the muscle except row 1. In general, muscle displacement is larger at deeper regions of
the muscle compared with superficial areas. This would
explain why less significant differences are seen at row 1
where there is less movement. Muscle movement in the
proximal to distal direction appears to be more uniform.
Muscle displacement in the AB group appears to be
similar to that of SCI groups with medium and high torque levels and, at some positions (row 10, column 4 and
column 8), is even shown to be significantly less than
that of the SCI group with high torque. Although this
may seem counterintuitive, SCI participants whose
muscles are more affected by fatigue may find it more
difficult to maintain the contraction at a high torque level
and, as a result, will move more during this phase of the
contraction than an AB participant producing the same
level of torque. As displacement is the summation of
movement between frames, this would result in a higher
measurement for SCI participants. This effect is seen
most at row 10, where most movement occurs; therefore,
the location of the measurement on the muscle should be
taken into consideration when using USI as a tool for
quantifying muscle movement.
Finally, the speed of muscle contraction during
the first 2.5 s of an attempted MVC was found to be
slower for SCI participants compared with able-bodied participants. This differs from previous studies
(Burnham et al. 1997; Biering-Sprensen et al. 2009)
that suggest muscle contractility increases as a result
of a fibre-type transformation. It is generally accepted
that after a SCI, there is a shift in fibre composition
resulting in a higher proportion of fast-twitch type IIx
fibres; however, there is variation between the different muscles being examined and the time post-injury
when this fibre transformation is seen. It is thought
that the fibre transformation may not begin until
months after the SCI has occurred and could take
years to reach a steady state. It is therefore possible
that our measurements were made too soon after
injury to observe these effects in participants in this
study. In addition, the overall effect of this change in
fibre composition on the contractile properties of the
muscle in terms of speed of contraction is still not
fully understood (Biering-Sprensen et al. 2009).
Moreover, as these studies obtain their results from
muscle biopsies, it could be that other factors such as
muscle stiffness and delayed reaction times contributed to the lower speed of contraction seen here.
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Overall, the ability of USI to consistently detect differences in muscle behaviour during an attempted MVC
indicates its potential to quantitatively assess muscle
movement and track how this changes during recovery.
CONCLUSIONS
This study found that USI is able to detect an
increase in muscle echogenicity and a decrease in resting
muscle thickness between able-bodied and SCI groups
as well as between different SCI groups, indicating that
it has potential as a diagnostic tool for monitoring
changes in muscle structure caused by atrophy after a
spinal cord injury. USI was also able to detect differences in regional movement during attempted MVCs. The
ability of USI to differentiate between different levels of
function means that it could also be used for quantitative
assessment of muscles. The differences in the speed of
muscle contraction illustrate the ability of USI to provide
information on the contractile properties of the muscle,
all of which could be useful when implementing rehabilitation techniques. In summary, USI was able to provide
unique insight into the structural changes that occur in
muscles after a SCI and has great potential as an additional tool for obtaining supplementary information for
assessing muscle function in neuromuscular disease.
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