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Abstract

Shortly after spinal cord injury (SCI), the musculoskeletal system undergoes detrimental changes in size
and composition, predominantly below the level of injury. The loss of muscle size and strength, along with
increased immobility, predisposes persons with SCI to rapid and severe loss in bone mineral density and
other health related consequences. Previous studies have highlighted the significance of measuring thigh
muscle cross-sectional area, however, measuring the size and composition of muscles of the lower leg may
provide insights on how to decrease the risk of various comorbidities. The purpose of the current review
was to summarize the methodological approach to manually trace and measure the muscles of the lower leg
in individuals with SCI, using magnetic resonance imaging. We also intend to highlight the significance of
analyzing lower leg muscle cross-sectional area and its relationship to musculoskeletal and vascular systems
in persons with SCI.
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Introduction

Shortly after spinal cord injury (SCI), the musculoskeletal
system experiences a series of reductive changes in size and
composition, predominantly below the level of injury. Re-
duced mobility and mechanical unloading initiate adaptive
changes in both muscle size and bone mineral content (Stein
and Wade, 2005). Decreases in skeletal muscle cross-sec-
tional area (CSA), due to sublesional disuse atrophy, are
well-documented in persons with SCI (Giangregorio and
McCartney, 2006; Gorgey et al., 2014). The rapid loss of fat
free mass (FFM) within the first few months after injury is
associated with a decline in basal metabolic rate (BMR) and
increased regional and whole body adiposity (Gorgey and
Dudley, 2007). In persons with chronic SCI, BMR may range
from 900 kcal/day to 1,400 kcal/day (Khalil et al., 2013). The
decline in BMR has been shown to be a predisposing factor
for increasing the prevalence of obesity after SCL.

The accumulation of adipose tissue, especially in ectopic
sites, may interfere with insulin signaling and contribute to
increased circulating triglycerides and free fatty acids, which
are key risk factors for cardiovascular disease (CVD) (Gorgey
et al,, 2015b). The infiltration of adipose tissue and loss of ac-
tivated muscle, particularly in the soleus and gastrocnemius
muscles of the lower leg, may contribute to chronic venous
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abnormalities within the lower extremity. Muscle atrophy
often results in a decrease in the size and strength of the calf
muscle accompanied with nonfunctioning valves and reflux,
or pathological retrograde flow (Meissner, 2005). Reflux, con-
founded by hypercoagulability after SCI, increases the risk
of venous thromboembolism (VTE), deep vein thrombosis
(DVT), and pulmonary embolism (PE) (Rossi et al., 1980;
Meissner, 2005; Consortium for Spinal Cord Medicine, 2016).

In addition to a decline in venous capacity and flow, me-
chanical unloading of bone initiates rapid and severe decline
in bone mineral density (BMD) in paralyzed extremities (Stein
and Wade, 2005; Giangregorio and McCartney, 2006; Shields
et al., 2006; Gorgey et al., 2014; Gibbs et al.,, 2015). Shields et
al. (2006) concluded that BMD begins to decline at a rate of 2
to 4% per month and reaches equilibrium between 12 and 24
months. Severe bone degradation in persons with chronic SCI
increases the risk of fractures occurring from trivial injuries
to limbs, which can occur during minor transfers and perfor-
mance of daily activities.

Various studies involving exercise, resistance training,
and electrical stimulation have evoked muscle hypertrophy
and reduced osteopenia after chronic SCI (Meissner, 2005;
Gorgey et al.,, 2015b). A variety of imaging technologies,
including computerized tomography (CT) and magnetic
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resonance imaging (MRI) have been used to determine the
effectiveness of different exercise programs. In the current
review, we aimed to provide a step-by-step approach on
how to manually trace the lower extremity muscles and to
separate muscle from fat based on signal intensity using
MRI. This was important to provide an appreciation of the
detailed procedures required to perform analysis, despite
poor muscle quality, increased intramuscular fat (IMF) and
altered anatomical boundaries of the target muscles. This
work will encourage other investigators to adopt this strategy
to investigate the effects of different rehabilitation paradigms
on muscle size and composition in SCI and other clinical
populations.

We also intend to highlight the significance of analyzing
lower leg muscle CSA and its relationship to musculoskeletal
and venous function in persons with SCI. This review should
provide the foundation for future research hypotheses inves-
tigating the relationship between changes in muscle size and
various health related consequences after SCL

The Methodology of Lower Leg MRI Analysis

Multi-axial slices through the lower leg provide many crucial
measurements such as muscle volume, architecture, composi-
tion, and distribution after SCI (Elder et al., 2004; Gorgey and
Dudley, 2007). Muscle quality, as opposed to muscle strength
alone, is more predictive of developing concomitant metabolic
disorders, including obesity, lipid disorders, metabolic syn-
drome and diabetes (Elder et al., 2004; Stein and Wade, 2005;
Gorgey and Dudley, 2007; Gorgey et al., 2014, 2015a, b; O’Brien
and Gorgey, 2016). Quantifying the precise magnitude of skel-
etal muscle and adipose tissue may provide prognostic predic-
tion about the overall health of persons with chronic SCL
Magnetic resonance imaging (MRI) is considered the
“gold-standard” technique when analyzing the soft tissue
structures of the lower leg in comparison to other imaging
technologies like CT and positron emission tomography
(PET). MRI is optimal due to its ability to depict the tissue
differences between normal and abnormal muscle tissues
by capturing multi-axial anatomical slices of the region of
interest (Bulas and Egloff, 2013; Nacey et al., 2017; Wang et
al., 2017). MRI produces high resolution images that can be
used to quantify changes in the musculoskeletal system after
SCI. Moreover, MRI is not associated with radiation risks
allowing the safe acquisition of repeated multi-axial scans.
Smith-Bindman et al. (2009) has shown that various types
of CT scans all have a lifetime attributable risk of cancer;
CT risk of ionizing radiation may vary depending on the
dose of radiation and the anatomical location in which the
scan is acquired (Smith-Bindman et al., 2009). In contrast to
CT and PET, MRI is more advantageous and safer to use in
clinical trials, where participants are scanned multiple times
throughout the study. MRI scanning typically runs approxi-
mately less than 20 minutes and continues to be more versa-
tile, cost-effective, and accurate when depicting the muscu-
lature of the lower extremities (Bulas and Egloff, 2013; Nacey
et al,, 2017; Wang et al., 2017). For example, the scan time to
measure both lower legs is approximately 7 minutes, with a

similar duration for the thighs. The scan time for the whole
trunk to measure visceral and subcutaneous adiposity is less
than 1 minute. MRI procedures commonly involve scanning
of the subject, sequencing of the images and the analysis.

Scanning of the subject
Prior to the scan each participant undergoes a series of ques-
tions to ensure that he/she is safe to undergo scannning. This
checklist is reviewed by the MRI technician before admission
to the magnet. Participants with non-ferrous spinal fusion
or inter-medullary rods are allowed to be scanned. However,
participants with bullets or shrapnel in the vertebral canal
are excluded for the fear of causing additional damage.
Transaxial images, 8 mm thick and 4 mm apart, are com-
monly acquired from the knee joint to the medial malleolus
using a General Electric Signa regional body coil with a 1.5-T
magnet (repetition time 550 ms, echo time 14 ms, field of view
20 x 20 cm’, matrix size 256 x 256). MRI scans are conducted
at baseline and post-intervention; the changes in muscle size
and quality can determine the effectiveness of a particular in-
tervention.

Sequencing

To start the analysis of the lower leg muscles, MRI images
must first be sequenced using Image J, a computerized imag-
ing software (www.nih.gov). Images, in no particular order,
are subdivided into right and left legs then placed in separate
folders. Image J allows the experimenter to rapidly scroll
through the entire leg sequence, which serves as a helpful an-
atomical reference when analyzing individual muscle groups.

MRI Analysis
A commercially-available computer program can then be
used to quantify pixel-to-pixel signal intensity to distinguish
between muscle and adipose tissue. To begin analysis, a bi-
modal histogram is developed to determine the midpoint
average Figure 1, which distinguishes between muscle and in-
tramuscular fat (IMF) based on the pixel signal intensity. The
midpoint value serves as a midpoint between muscle and fat
peaks. Any pixels of signal intensity below the midpoint will
be registered as muscle and above as fat (Gorgey et al., 2012).
The midpoint value is determined by first selecting five imag-
es in the middle of the leg sequence. The five images should
include a clear distinction of the entire muscle groups. A cir-
cle is then drawn around the entire image without touching
the border of the leg; this is repeated for the other four images
in the sequence. The data can be plotted in Microsoft Excel
as a scatterplot. The trend of the histogram should form too
distinct peaks along the X-axis (Figure 1). The highest points
of the two peaks are identified and the average is taken. Last-
ly, the average of these 5 averaged points is calculated; this is
referred to as the midpoint average or what is called a “magic
point”. The magic point is the point of separation between
muscle and IMF CSA for the entire leg.

After defining the midpoint average, the entire muscle
CSA of the lower leg is analyzed. The bones of the tibia and
the fibula are traced out, making sure to stay directly on the
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inner borders of the bone as to not include any muscle pixels.
Subcutaneous fat, which is the region between the epidermal
layer and outside muscle anatomical border, is then traced
out, as well as any subfascial fat by tracing on the border of
the fascial line. After initial tracing, the whole muscle should
be enclosed inside three circles (Figure 2).

Individual muscles and muscle groups of the lower leg
including the soleus, gastrocnemius, tibialis anterior, tibialis
posterior, extensor digitorum longus, and the peronei group
are then analyzed in a similar way (Figure 3). The extensor
digitorum longus and the peronei muscle groups are traced
as one unit to define the combined CSA of the leg extensors.
They are then traced separately to determine the individual
CSA of each muscle.

Along with analysis of lower leg muscle CSA and subcu-
taneous fat, studies have shown that it is also necessary to
measure the tibia CSA, and both yellow and red bone mar-
rows to determine additional effects of exercise intervention
(Gorgey et al., 2013). For example, we have previously high-
lighted the significance of measuring bone marrow fat in
persons with SCI (Gorgey et al., 2013, 2017).

To calculate the amount of bone marrow fat, the adipose
layer is traced on both sides, similarly to the whole muscle
CSA. When analyzing the bone of the lower leg, the focus
is mainly devoted to the tibia, because the fibula bears less
weight (only 6.4% of the loading weight with ankle joint in
neutral position) compared to the tibia bone (Ojima et al,,
2017). To begin analysis of the tibia, tracing occurs directly
outside the entire bone to determine the whole bone CSA.
The inner most yellow marrow is then isolated by tracing
along the entire CSA of surrounding red bone marrow.
Finally, the CSA of the cortical bone (surrounding both
marrows) is calculated (Figure 4). All data containing whole
muscle CSA, individual muscle CSA, bone CSA, red and
yellow marrow CSAs as well as their respective pixel signal
intensities can be easily exported to Microsoft Excel for data
management, cleaning and statistical analysis.

Challenges of MRI
Tracing various muscle groups of the lower leg can be an ar-
duous process, often taking days to weeks to develop compe-
tency. Newly-trained researchers were given 10 random im-
ages; the tracing values were then compared to the outcomes
of traced images by an experienced researcher. Competency
was defined as < 1% error difference between the novice and
the experienced examiner for whole muscle and individual
muscle groups. Analysis of the lower leg may require multi-
ple weeks to months to complete, depending on the number
of subjects, number of time points, and quality of MR imag-
es. Analysis of baseline and post intervention measurements
for left and right legs with an average of 13 images in each
leg sequence totals to approximately 52 images per subject,
which may require one to two weeks to complete. After
training, one image may take 30 to 45 minutes to analyze.
Since muscles of the lower leg are often severely compro-
mised in persons with SCI, complications may arise when
analyzing data from MR images. When analyzing severely
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atrophied leg muscles, there may be difficulty precisely de-
fining anatomical borders of individual muscle groups. A
subject’s level of injury, as well as the time since injury are
two factors amongst many that can affect muscle CSA and
image quality (Gorgey and Dudley, 2007). Muscles with
significant deterioration and infiltration of IMF may require
exceptional knowledge and a strong understanding of lower
leg anatomy to precisely trace the region of interest.

The quality of MR images can also be affected by a variety
of inevitable circumstances while scanning. A poor signal-
to-noise ratio often results in images with skewed contrast
(Menéndez et al., 2016), resulting in inaccurate pixel signal
intensities. If the signal intensity of an image is skewed from
the true value, muscle and/or fat can be over-or underes-
timated. The image is usually corrected for signal intensity
heterogeneity which may result from the location of the re-
gion of interest to the scanning coil. Image correction allows
for even distribution of the signal intensity across the image
especially for the purpose of separating muscle from fat pix-
els. Moreover, persons with SCI are known to have frequent
muscle spasms that may take place during scanning, result-
ing in additional noise. When coming across subject images
affected by spasticity, more time is added to analysis to en-
sure a proper evaluation of muscle CSA.

Lower leg MRI analysis is an effective, precise, safe means
of determining muscle CSA and muscle quality after SCL
MRI analysis can provide a precise snap-shot into the lower
leg composition at various time-points during intervention.
The following literature will present study data and protocols
examining the relationship between leg muscle CSA and
prevalent diseases and disorders within the SCI population.

Significance of Quantifying Atrophy and
Hypertrophy of the Calf Muscle

Quantifying muscle and adipose CSAs of the lower leg may
serve as an effective measurement for a variety of medical
consequences after chronic SCI (Gorgey et al., 2012). Me-
chanical and pharmacological prophylaxis are effectively used
to maintain vascular health in acute, subacute and chronic
SCI (Consortium for Spinal Cord Medicine, 2016). Electri-
cal-stimulated (ES) resistance training has shown to evoke
muscle hypertrophy, decreases IMF and visceral adiposity
in persons with SCI (Shields et al., 2006; Gorgey et al., 2012,
2015b). Moreover, the literature has suggested that the use of
ES and prolonged exercise programs may attenuate venous in-
sufficiencies and osteopenia after chronic SCI (van Beekvelt et
al., 2000; Shields et al., 2006; Menéndez et al., 2016; Ojima et
al,, 2017). MRI can be used to determine the efficacy of such
rehabilitation paradigms of the trained and untrained muscles
conducted at various time points during intervention. This
may reduce the risk of subsequent comorbidities based on the
quality of lean mass and the architecture of the long bones.

Venous thromboembolism

The development of venous thromboembolism (VTE) is a
major consequence following acute SCI. Persons with SCI
have the highest risk of developing VTE, especially within
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the first two weeks after injury (Consortium for Spinal Cord
Medicine, 2016). VTE arises from a multitude of physiolog-
ical changes after SCI including: 1) Venostasis due to failure
of the venous muscle pump, 2) a temporary hypercoagulable
state, and 3) endothelial injury due to concomitant injuries
(Seifert et al., 1972; Rossi et al., 1980; Miranda and Hassou-
na, 2000). This may lead to chronic leg swelling, bleeding
related to anticoagulant prophylaxis, deep vein thrombosis
(DVT), and in worst cases, fatal pulmonary embolism (PE)
(Consortium for Spinal Cord Medicine, 2016). DVT, occurs
when a clot persists in one or more of the deep veins of the
leg, leading to a restriction or possible obstruction of flow
(Meissner, 2005). Limited mobility and reduced physical ac-
tivity after SCI further adds to the risk of DV'T, which resolves
more slowly than in mobile patients (Lim et al., 1992; Meiss-
ner, 2005; Consortium for Spinal Cord Medicine, 2016). Past
studies have concluded that thrombi can progress proximally
in 20% of cases and may embolize in up to 50% (Davies and
Salzman, 1979; Carabasi et al., 1987). PE is one of the most
common causes of sudden unexpected death in persons with
risk factors for VTE (Consortium for Spinal Cord Medicine,
2016). However, the increased use of effective thrombopro-
phylaxis between 1993 and 1998 greatly reduced the odds of
dying during the first year post-injury by ~67% (Consortium
for Spinal Cord Medicine, 2016). The use of mechanical
prophylaxis including pneumatic compression devices and
graduated compression stockings has aided in increasing ve-
nous return, but must be worn continuously for the greatest
benefit (Consortium for Spinal Cord Medicine, 2016). There
is also conflicting evidence in their effectiveness to prevent
problems similar to DVT. Longterm use may also result
in skin breakdown after SCI. Pharmacological agents such
low-molecular-weight heparin and warfarin have proven to
aid in increasing venous return and preventing obstruction;
however anticoagulants continue to be controversial due to
the increased risk of bleeding (Consortium for Spinal Cord
Medicine, 2016). In addition, it has been shown that even in
the presence of anticoagulant therapy, the incidence of DVT
ranged from 7% to 100%, depending on age and severity
of injury and 2.7% developed fatal PE (Myers et al., 2007).
Because of the high risk of morbidity and mortality from sec-
ondary venous diseases, it may be advantageous to examine
alternative prevention mechanism for persons with chronic
SCL

It is unclear whether the size and composition of the calf
muscles have been linked to the onset and persistence of
venous insufficiencies. Lower extremity muscles (thigh, calf
and foot muscles) serve as pumps to initiate the profusion
of blood from muscle tissues and back to the heart and are
responsible for pumping ~90% of the blood from the lower
extremities (Goldman and Fronek, 1989). Deep fascia of the
leg constrains the muscle during contraction and allows high
pressures to be generated within muscular compartments.
Among these three pumps, the calf has the largest capaci-
tance (~65% compared to 15% of thigh; 10% of foot), pro-
duces the highest pressures (< 250 mmHg), and is of greatest
importance (Ludbrook, 1966; Burnand, 2001; Meissner,

2005). Additionally, the use of bicuspid valves contribute to
the anterograde flow of blood from superficial to deep and
from caudal to cephalad (Meissner, 2005). Atrophied skele-
tal muscle is thus a major site of venous abnormalities after
chronic SCI. Van Beekvelt et al. (2000) examined the differ-
ence in muscle pump activity between ES-induced contrac-
tions of the calf muscle after SCI compared to abled-bodied
controls. Muscle pump activity was measured as the relative
change in volume using strain-gauge plethysmography. SCI
individuals showed a significantly lower ES-induced mus-
cle pump activity than abled bodied controls attributed to
extensive leg muscle atrophy and/or an “atrophic” vascular
system in the legs after SCI.

The reductive adaptations of skeletal muscle after SCI are
well-established. Castro et al. (1999) determined that as
soon as 6 weeks post-injury, individuals with complete SCI
experience an 18-46% decrease in the size of skeletal muscle
below the level of injury. Additionally, the soleus and gas-
trocnemius muscles (responsible for ~65% of venous return)
decreased by 12 and 24%, respectively. Moreover, Gorgey
and Dudley (2007) showed that skeletal muscle continues
to atrophy by 43% of the original size 4.5 months post-SCI,
when compared to abled-bodied controls. Therefore, after
chronic SCI, the sensitive venous mechanisms of pumping
and directing blood perfusion can deteriorate, resulting in
nonfunctioning valves, retrograde flow, and inability to re-
duce venous hypertension (Meissner, 2005).

Atrophy of the lower leg gastrocnemius and soleus mus-
cles is a serious consequence after chronic SCI, predisposing
individuals to VTE, DVT, and fatal PE (Meissner, 2005).
Therefore, it is necessary for clinicians to develop effective
therapies to attenuate atrophy and to maintain healthy ve-
nous flow after SCI. ES has proven to be an effective means
to increasing localized venous flow of the paralyzed muscles
(van Beekvelt et al., 2000; Menéndez et al., 2016; Ojima et
al., 2017). Using ultrasound, Ojima et al. (2017) detected
an increase in venous flow in the lower extremities after 30
minutes of ES which was applied bilaterally to lower ex-
tremities. Peak venous velocity and volume of the common
femoral and popliteal veins were significantly increased after
ES, with no major complications. Additionally, Menéndez
et al. (2016) examined the effects of ES and vibration of the
gastrocnemius muscle on increasing blood flow. It was de-
termined that simultaneous ES and vibration of the lower leg
increased mean blood velocity by 36% and 42%, respectively.
They concluded that ES can increase localized blood flow
through the calf muscle pump; however, excessive inten-
sity may lead to partial ischemia and insufficient intensity
may be inadequate to increase blood flow (Menéndez et al.,
2016). Moreover, Katz et al. (1987) found that 60 minutes of
calf functional electrical stimulation (FES) significantly in-
creased plasma fibrinolytic activity and achieved a moderate
increase in flow. They concluded that FES merits a full-scale
clinical evaluation for the purpose of improving venous flow.

Unfortunately, the literature is limited in protocols using
electromyo stimulation (EMS) of calf muscles in combi-
nation with exercise interventions. Studies involving EMS
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Figure 1 Bimodal histogram of a region of interest around the whole
leg.

A midpoint between the 2 peaks indicates the cutoff point between
muscle pixels (left peak) and fat pixels (right peak). The apex of each
peak is used as a point of determination before both peaks average to
determine the magic point.
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Figure 3 MRI analysis of individual lower leg muscle cross-sectional
areas showing the delicate process of analyzing each muscle based
on its anatomical boundaries.

Traced muscles include the soleus, gastrocnemius (medial and lateral
heads), tibialis posterior, tibialis anterior, extensor digitorum longus,
and the peronei group.

tend to focus on muscles of thigh, due to their large size and
their contribution to overall cardio-metabolic health after
SCI (Gorgey and Dudley, 2007; Gorgey et al., 2012, 2014).
Studies involving ES of thigh muscles and their effects on ve-
nous insufficiency have produced conflicting outcomes. For
example, Thijssen et al. (2005) investigated potential vascu-
lar adaptations in non-exercised muscle groups during FES
ergometer cycling. The hamstrings, gluteal, and quadriceps
muscles were stimulated to a maximum of 150 mA. After
training, positive effects on blood flow were observed includ-
ing increased baseline and peak blood flow, decreased thigh
baseline vascular resistance, and increased diameter of the
common femoral artery. However, calf parameters exhibited
no change. It was concluded that the lack of activity in the
calf and concomitant insufficient blood flow during training
resulted in the absence of vascular adaptation (Thijssen et
al., 2005). Though no change occurred in the venous capacity
of the calf, this study challenged the previous assertion that
FES-cycling is a suitable method to improve lower leg circula-
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Figure 2 MRI of the whole muscle cross-sectional area (CSA) of
lower leg showing the process of tracing out both tibia and fibula
bones.

The whole muscle CSA is composed of absolute muscle CSA and intra-
muscular fat CSA.
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Figure 4 MRI analysis of the tibia bone of the lower leg showing the
process of tracing the whole bone cross-sectional area (CSA),
cortical bone CSA, and the CSAs of both yellow and red bone
marrows.

tion and decrease the risk of concomitant conditions such as
PVT, DVT, and decubitus ulcers.

ES can in fact increase localized blood flow and venous ca-
pacity in lower leg muscles (van Beekvelt et al., 2000; Menén-
dez et al,, 2016; Ojima et al., 2017). However, to decrease the
risk of venous diseases such as PVT, DVT and PE, as well
as associated issues such as pressure ulcers and poor wound
healing, it may be necessary to stimulate the calf muscles
during FES training or to provide isolated stimulation of the
lower leg muscles (Thijssen et al., 2005). Both mechanisms
should be validated through MRI analysis of the lower leg
to ensure that adequate stimulation is applied that results in
changes in the size and the composition of the calf muscles.

Cardiovascular disease
Inadequate perfusion of blood due to skeletal muscle atrophy
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not only increases the risk of developing primary and second-
ary venous disease, but also predisposes persons with chronic
SCI to various cardio-metabolic disorders and cardiovascular
disease (CVD) (Meissner, 2005). Within weeks after injury,
persons with SCI develop many risk factors for CVD, as a
consequence of skeletal muscle atrophy and accumulation of
adipose tissue (Gorgey and Dudley, 2007; Gorgey et al., 2014,
2015a, b; O’Brien and Gorgey, 2016). Total energy expendi-
ture is significantly reduced not only due to a lack of motor
function and decreased lean mass, but also because of limited
access to long-term exercise programs and other physical
activities (Castro et al., 1999; Giangregorio and McCartney;,
2006; Gorgey and Dudley, 2007; Gorgey et al., 2014, 2015a).
The reduction in total energy expenditure, confounded by a
lack of physical activity, often leads to substantial accumula-
tion of ectopic adipose tissue which may interfere with insulin
signaling and contribute to increased circulating triglycerides
and free fatty acids, which increase the risk of CVD. In ad-
dition, these factors also contribute to a greater prevalence
of obesity, lipid disorders, metabolic syndrome, and type II
diabetes, all of which are major concerns within the SCI pop-
ulation (Gorgey et al., 2015b).

Data published in recent years suggest that CVD has
emerged as a leading cause of mortality in chronic SCI (Myers
et al,, 2007). The literature has suggested that morbidity from
CVD, particularly coronary artery disease, is relatively high
and tends to occur earlier in SCI individuals than abled-bodied
persons (Myers et al., 2007). The heightened risk of CVD and
coronary artery disease in SCI can be attributed to a higher
prevalence of risk factors (Phillips et al., 1998).

SCl is also characterized by abnormal cardiovascular control
mechanisms, including a loss of regulatory control of peripher-
al vessels, autonomic dysreflexia, and an increased prevalence
of arrhythmias (Phillips et al., 1998). Due to the latter risk
factors, and lack of adequate physical activity, the prevention of
CVD is an emerging clinical challenge in the SCI population.

The literature suggests decreases in arterial capacity can also
predispose SCI individuals to cardiovascular dysfunction, be-
cause the heart must exert more force to move blood (Phillips
et al,, 1998). A study found that a 30% reduction in common
femoral artery diameter and resting leg blood flow occurs
within six weeks of inactivity due to paralysis (De Groot et
al., 2003). However, muscle activation during exercise can
provide a robust stimulus for vascular remodeling. Exercise
training also seems to induce beneficial vascular adaptations,
including angiogenesis and increased arterial diameter (Prior
et al,, 2004, 2009; Stebbings et al., 2013).

FES training of the lower limbs has proven to be effective in
reversing muscle atrophy, inducing muscle hypertrophy, and
increasing isometric strength and endurance (Shields et al.,
2006; Gorgey et al,, 2012, 2015b). Physical activity, including
FES, in persons with SCI has shown to improve lipid profiles
and other risk factors (Phillips et al., 1998; Gorgey et al., 2012;
O’Brien and Gorgey, 2016). Increased physical activity has
also been shown to increase peak VO, by 10-20% (DiCarlo,
1988; Yim et al., 1993). However, the main challenge within
the SCI population is limited availability, as regular access

to these types of training regimens is lacking in the general
SCI population. In addition, evaluation and follow-up with a
physical therapist or exercise physiologist may be necessary to
optimize workouts and ensure participants’ adherence (Tomey
et al,, 2005). One newly emerging strategy to reconcile limited
access and instruction for persons with chronic SCI, is the
development of home-based telehealth exercise programs,
monitored via established network systems.

FES exercise programs, whether in clinical settings or at
home, are an effective intervention strategy to reduce cardio-
vascular disease risk factors and other metabolic abnormali-
ties. MRI analysis can provide further insight into the efficacy
of specific exercise protocols, to ensure optimization.

Pressure ulceration

Pressure ulcers, or decubitus ulcers, are one of the most
common complications and leading cause of re-hospitaliza-
tion after SCI (Consortium for Spinal Cord Medicine, 2016).
Frequent pressure ulceration is a costly and potentially
life-threatening consequence of chronic SCI. A study assess-
ing the total inpatient cost of treatment for SCI veterans de-
termined that the total inpatient cost was $91,341 yearly for
veterans with pressure ulcers, compared to $13,754 for veter-
ans without pressure ulcers (NSCISC 2012 Annual Statistical
Report). Pressure ulcers, not only add substantial medical
cost, but also complicate rehabilitation, limit participation in
physical activity, increase caregiver burden, lessen vocational
productivity, and contribute to added psychological stress
after chronic SCI (Consortium for Spinal Cord Medicine,
2016). The prevalence of pressure ulcers for persons with
SCI residing in the community ranges from 17-33%, with an
increased prevalence observed in persons with longer dura-
tions of SCI (Carlson et al., 1992; Fuhrer et al., 1993; Chen
et al., 2005b). The etiology and treatment of pressure ulcers
continues to be a major concern of clinicians and families
within the SCI community.

Pressure ulcers arise from reduced mobility and inade-
quate reduction of venous pressure within the legs (Meissner,
2005). Therefore, pressure ulceration is highly associated
with atrophy of skeletal muscle within the lower legs and
venous insufficiency. Araki et al. (1994) determined that the
calf muscle pump ejection fraction is lowest in limbs with
active ulceration (35%), followed by limbs with healed ulcers
(49%) and those without ulceration but with evidence of re-
flux (53%). Additionally, a study involving 220 patients with
venous abnormalities concluded that no ulceration occurs at
ambulatory venous pressures less than 30 mmHg, but inci-
dence is 100% at pressure greater than 90 mmHg (Nicolaides
et al., 1993). It is therefore necessary, along with proper
pressure ulcer management, to develop strategies to reduce
the magnitude of venous hypertension in order to treat and
prevent pressure ulcers in persons with chronic SCL

The literature is conflicted in the efficacy of various tech-
niques to prevent the development of pressure ulcers. Stud-
ies have evaluated the use of ES on the gluteal muscles to
produce pressure relief and reduce the risk of pressure ulcers
(Bogie and Triolo, 2003; Bogie et al., 2006). In a longitudinal
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study of 8 individuals with SCI, Bogie and Triolo (2003) ap-
plied ES to gluteal muscles to provide standing and facilitate
standing transfers. The 8-week conditioning program using
implanted ES was capable of producing changes in ischial
pressures and promoting blood flow to increase tissue tol-
erance. Additionally, in a single case study, long-term ES
produced multiple positive benefits, including muscle hyper-
trophy, increased blood flow, reduced ischial pressures, more
effective weight-shifting, and longer sitting tolerance dura-
tions (Bogie et al., 2006). Dolbow et al. (2013) conducted
pressure mapping before and after 8 weeks of FES cycling. A
positive trend of decreasing seat pressure was observed, fur-
ther demonstrating the potential of FES in reducing risks of
pressure ulcers. While the results of these studies were high-
ly promising, they were limited by small sample sizes. Other
studies involving FES cycling to reduce venous hypertension
and increase blood flow have been less promising. Thijssen
et al. (2005) concluded that bilateral stimulation of thigh,
hamstring, and gluteal muscles during FES ergometer cycling
resulted in no changes in calf muscle circulation. Their results
suggested to include stimulation of the calf muscles to effec-
tively reduce the risk factors for pressure ulcers of the lower
extremities after SCL

Pressure ulcer management and prevention continues to
be a major challenge within the SCI population, due to the
complex and multidimensional etiology of ulceration. Future
research hypotheses should question the effects of skeletal
muscle atrophy of the calf muscle on the development of
pressure ulcers. Longitudinal designs should analyze the at-
rophy and potential hypertrophy with MRI analysis, to better
discern the complex pathology stemming from muscle loss
after SCI.

Bone degradation

Bone tissue is in a state of activity-dependent flux, where
bone content is broken down into mineralized calcium be-
fore being reabsorbed (Wolff, 1986; Frost, 1987). Activity
and mechanical loading determine the shape, size, and com-
position of bone; a reduction of normal mechanical loading
and joint compressions after SCI predisposes persons with
paralysis to rapid and severe BMD decline in paralyzed ex-
tremities (Wolff, 1986; Frost, 1987). BMD begins to decline
at a rate of 2% to 4% per month, trabecular bone mass de-
creases by ~50-60%, and cortical bone mass decreases by
25-34%, reaching equilibrium between 12 and 24 months,
near fracture threshold (Wilmet et al., 1995; Gibbons et al.,
2016). At this stage of bone degradation, fractures can occur
after minor injuries to limbs, often during routine transfers
and activities of daily living. The distal femur and proximal
tibia are common sites of fractures and between 1% and
6% of persons with SCI will sustain a fracture in paralyzed
extremities (Comarr et al., 1962; Eichenholtz, 1963; Rag-
narsson and Sell, 1981). The fracture rate was determined to
increase by 4.6% per year in individuals greater than 20 years
post injury (Gibbs et al., 2015); it is therefore necessary to
develop interventions that effectively prevent and/or reverse
bone loss.
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The muscle-bone unit

Muscle and bone are believed to function as a muscle-bone
unit, where muscle contractions impose loading forces on
bone resulting in changes in bone geometry, architecture and
structure (Frost, 1987). The current literature has shown that
persons with SCI exhibit concomitant patterns of decline in
muscle CSA and BMD in the acute and chronic stages after
injury (Frost, 1987; Giangregorio and McCartney, 2006;
Shields et al., 2006; Gibbs et al., 2015). The infiltration of ad-
ipose tissue in intramuscular sites is also shown to contrib-
ute to metabolic dysfunction, reduced muscle strength, and
mobility limitations, which also may be associated with de-
terioration of bone content (Gibbs et al., 2015). Gibbs et al.
(2015) sought to quantify the relationship between calf mus-
cle CSA, calf muscle density, and BMD, using multivariable
linear regression analysis. From a sample size of 70 adults (50
males and 20 females) with chronic SCI, and after adjusting
for confounding variables, they observed moderately strong
positive associations between muscle density and tibia BMD,
cortical thickness, and cortical BMD. Muscle CSA was most
strongly associated with cortical CSA and polar moment of
inertia. Calf muscle lower extremity motor scores were most
strongly associated with trabecular BMD. It was concluded
that calf muscle density and function were most strongly as-
sociated with trabecular BMD at the distal tibia, whereas calf
muscle CSA was most strongly associated with bone size and
geometry at the tibial shaft in persons with SCI. This study
highlighted the significance of the muscle-bone unit theory
by suggesting that calf muscle size and density may play a
crucial role in maintaining tibia bone health after SCI.

Research within SCI has expanded on this association of
muscle and bone, and utilized electrically-induced muscle
contraction during exercise to add compressive loads to lower
extremity bone in paralyzed individuals. A study by Shields
et al. (2006) examined the extent to which isometric plantar
flexion training, using contralateral electrical stimulation,
reduces bone loss after SCI. Throughout the 3-year training
using a high compressive force (> 150% body weight), the
percent decline in BMD of the trained tibia (~10%) was sig-
nificantly less than the untrained tibia (~25%). Trained limb
percent decline in BMD remained steady over the first 1.5
years of the study. They concluded that compressive loads of
~1 to 2 times body weight partially prevent the loss of BMD
after SCI (Shields et al., 2006). Previous studies by Shields et
al. (2006) using soleus muscle stimulation training, reported
a 31% increase in BMD in the trained tibia after ~2.5 years
of training. Moreover, after 4.5 to 6 years of training, average
trained limb BMD was 27.5% greater than the untrained limb.
These studies indicate the effectiveness of high-compression
force, high-dose, and long duration training to induce marked
changes in bone composition after SCI.

FES, predominantly of thigh muscles, has also shown to
provide the compressive loads and attenuate bone loss and
increase BMD. An FES-cycling protocol, conducted by Chen
et al. (2005a), observed a significant increase in BMD of the
distal femur (~11%) and proximal tibia (~13%) and a trend
of increasing BMD of the calcaneus. Additionally, a study by
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Mohr et al. (1997) observed that after 12 months of FES-cy-
cling training, the BMD of the proximal tibia had increased
by 10%. It was concluded that in SCI, the loss of bone mass
in the proximal tibia can be partially reversed by regular
long-term FES cycling (Mohr et al., 1997). In both studies,
the positive gains in BMD were reversed back to pre-training
values, after 6 months with reduced training, further stress-
ing the need for long-term training programs to sustainably
attenuate bone loss after SCI (Mohr et al., 1997; Chen et al,,
2005a). A unique protocol by Bélanger et al. (2000) sought
to maximize the amount of training and mechanical loading
to illicit a robust change in bone content. In persons with
SCIL, electrically-stimulated quadriceps were trained for up
to 1 hour per day at a rate of 12 contractions per minute.
Resistance training was imposed unilaterally in one muscle
group and the other muscle group was electrically stimulated
without loading. After 24 weeks of training 5 days per week,
the distal femur and proximal tibia had recovered ~30% of
the bone in the loaded limb, compared with abled-bodied
controls. No difference was observed in the mid-tibia or
between the sides (resisted vs. unresisted) at any level. The
results support the “mechanostat theory” of Frost, which
states that bone will only respond to certain levels of loading;
therefore, mechanical loading must be above a lower thresh-
old and below an upper threshold level for bone to exhibit an
adaptive response (Frost, 1987; Bélanger et al., 2000).

The growing body of knowledge showing the close associ-
ation of muscle and bone in a complex unit may give rise to
further research hypotheses examining muscle hypertrophy
and increased muscle contraction as a means to attenuate
bone loss after SCI. Though the current literature is predom-
inantly focused on electrical stimulation of thigh muscles
to induce contraction, studies involving stimulation of calf
muscles have also proven to partially reverse bone loss. Fu-
ture research determining the effects of muscle hypertrophy
on bone health, should consider MRI analysis as presented
in this review, to precisely determine muscle and bone CSAs
and content.

Conclusions

The methodological approach outlined in this review serves
as a precise and effective strategy to determining muscle size
and muscle quality of the lower leg as whole and individual
muscles, through manual segmentation of MRI images. The
method also includes an effective means of tracing lower leg
bone to determine whole bone CSA, cortical CSA, and the
CSA of both yellow and red bone marrows. Future approach-
es should focus on shifting from manual tracing techniques to
validate the use of the threshold technique that relies directly
on computer segmentation of muscle pixels.

Rapid skeletal muscle atrophy leads to substantial health
consequences that increase morbidity and mortality after
SCIL. The literature suggests that prolonged exercise, through
electrical stimulation, may be effective in reversing skeletal
muscle atrophy of the calf and restoring function of the cru-
cial calf muscle pump. In addition, multiple studies demon-
strated the association of muscle and bone into a muscle-bone

unit, where adaptive changes in bone are induced by muscle
contraction. The severe skeletal muscle atrophy of the lower
extremities after SCI results in less compressive forces on
bone, resulting in a reduction in bone mineral content, which
greatly increases the risk and incidence of fracture in the SCI
population. This can be partially reversed through FES-cy-
cling and electrical stimulation of paralyzed muscle. It is nec-
essary for clinicians and researchers to stress the need for life-
long physical activity after SCL
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