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Asymmetric lower-limb bone loss after spinal cord injury: Case report
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Abstract—Osteoporosis is a significant secondary condition
that occurs acutely after spinal cord injury (SCI). This article
reports on a patient with motor incomplete SCI and asymmetric
lower-limb bone loss as it correlates with lower-limb motor
function and gait characteristics. A 32-year-old Caucasian male
completed a comprehensive inpatient rehabilitation program,
including 3 months of robotic body-weight-supported treadmill
training three times a week. Bone mineral density (BMD) was
monitored up to 1.5 years post-SCI by dual-energy X-ray
absorptiometry. Ground reaction forces were measured through
an instrumented treadmill for bilateral weight-bearing compari-
son. At 1.5 years postinjury, neurological examination revealed
thoracic 4 American Spinal Injury Association Impairment Scale
D SCI with less strength, reduced weight bearing, and lower
BMD in the more neurologically impaired leg. These results
suggest that osteoporosis may vary according to severity of
impairment within individuals and that monitoring lower-limb
BMD is especially important for patients who ambulate.

Key words: bone density, DXA, ground reaction forces, lower-
limb motor function, osteoporosis, paraplegia, rehabilitation,
robotic-assisted body-weight-supported treadmill training, spi-
nal cord injury, tetraplegia.

INTRODUCTION

Osteoporosis occurs rapidly after acute spinal cord
injury (SCI) [1], with nearly one-third of bone loss occur-
ring within the first 4 months post-SCI and continuing to
a lesser degree over the next several years [2]. SCI-
related osteoporosis and osteopenia are characterized by
bone loss occurring below the level of injury [3] and in

trabecular-rich sites [4–5]. Bone mineral density (BMD)
loss tends to be greater in sites more distal from the
spine; hence, bone loss is greatest at the os calcis, fol-
lowed by the proximal tibia and distal femur [6].

The profound bone loss observed is believed to be
influenced by the neural lesion, hormonal changes, and
immobilization [7–8]. Well-known risk factors for
osteoporosis include sex, race/ethnicity, age, family his-
tory, sedentary lifestyle, and poor nutrition [9–10]. Gar-
land et al. reported that completeness of injury, low body
mass index, and older age were predictors of lower BMD
in the SCI population [3]. Completeness of injury may
affect BMD through a reduction in weight bearing and
mechanical loading [11–12], because those with com-
plete injuries tend to have greater bone loss than those
with incomplete injuries [3].

The purpose of this case study was to describe a gen-
tleman with motor incomplete SCI whose primary means
of locomotion is ambulation and who has asymmetric
lower-limb osteoporosis. We sought to determine whether
relationships existed among BMD, lower-limb motor
function, and gait pattern.

Abbreviations: AFO = ankle-foot orthosis, AIS = American Spi-
nal Injury Association Impairment Scale, BMD = bone mineral
density, BWS = body-weight support, DXA = dual-energy X-ray
absorptiometry, RABWSTT = robotic-assisted body-weight-
supported treadmill training, SCI = spinal cord injury, T = tho-
racic, WISCI-II = Walking Index for Spinal Cord Injury Version 2.
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METHODS

Case Description
We report on a 32-year-old Caucasian male who was

injured in a work-related fall (13 ft), with resultant initial
thoracic (T) 4 American Spinal Injury Association Impair-
ment Scale (AIS) [13] A SCI. At the time of injury, he was
of average height (183 cm) and weight (86.4 kg), with a
body mass index of 25.8 kg/m2, and had no significant
medical history and no history of fractures. He underwent
open reduction and internal fixation with decompression
at T5 and fusion of T4 through T6 with instrumentation,
followed by use of a thoracolumbosacral orthosis for
13 weeks. He was transferred to acute inpatient rehabilita-
tion 2 weeks postinjury and completed an 11-week inpa-
tient rehabilitation program. Upon entry to inpatient
rehabilitation, the patient had a neurological level of injury
of T4 AIS B. At discharge from inpatient rehabilitation, the
neurological examination had improved to T4 AIS C
(Table 1) and he was ambulating limited household dis-
tances using a rolling-walker and an ankle-foot orthosis
(AFO) with 1-person assistance. At 4 months post-SCI, he
was ambulating using a rolling-walker and AFO indepen-
dently. At 1.5 years post-SCI, he was independently ambu-
lating with a single-point cane and without an AFO.

Upon discharge from inpatient rehabilitation 11 weeks
post-SCI, the participant enrolled in a robotic-assisted body-
weight-supported treadmill training (RABWSTT) study
using the Lokomat (Hocoma AG; Volketswil, Switzerland).

Activity Intervention
The activity intervention consisted of RABWSTT for

1 hour three times a week for 3 months. The initial train-
ing speed was 1.9 km/h and progressed to 2.5 km/h after

3 months. During the sessions, the amount of body-weight
support (BWS) and robotic assistance were decreased as
tolerated to increase weight bearing and workload toward
the goal of the participant ambulating without BWS. The
participant varied in the BWS required to ambulate
throughout his training sessions from 16 to 32 kg BWS.
This variability was based on the participant’s fatigue
level during the training session.

Outcome Measurements and Analyses
Outcome measures were obtained at baseline (11

weeks post-SCI), 5 months postinjury, and 1.5 years postin-
jury and included the standardized AIS examination, the
Walking Index for Spinal Cord Injury Version 2 (WISCI-II)
[14], and BMD via dual-energy X-ray absorptiometry
(DXA). At the 1.5-year postinjury follow-up, a weight-
bearing analysis was conducted. All assessments (exclud-
ing DXA) were conducted by a study physical therapist.

BMD (reported in grams per centimeter squared) was
obtained by DXA using the Lunar Prodigy Bone Densi-
tometry System (Lunar Corporation; Madison, Wiscon-
sin). Measurements were taken of the lumbar spine and
bilateral femoral neck, distal femur, and proximal tibia.
The modified lumbar protocol was applied to the distal
femur and proximal tibia [15]. One blinded DXA technol-
ogist was trained on this protocol and performed all testing
and participant setup. DXA measurements were taken of
the lumbar and bilateral femoral neck at baseline, follow-
up, and 1.5 years. Bilateral measurements of the distal
femur and proximal tibia were taken only at the 1.5-year
follow-up.

Ambulatory weight-bearing analysis was conducted
through the use of an ADAL3D-F/COP/Mz instrumented
split-belt treadmill, with each belt of the treadmill
mounted on four Kistler triaxial piezoelectric sensors
(Winterthur, Switzerland). To determine the tested walk-
ing speed, we increased the speed of the treadmill until
the participant noted a comfortable self-selected speed.
The subject was instructed to walk at his self-selected
speed as he would normally walk, and he was allowed to
use the side rails for weight support through the upper
limbs as needed. Thirty seconds of data were recorded,
including ground reaction forces in the vertical, anterior-
posterior, and medial-lateral planes.

This data-collection process was repeated at selected
speeds below and above the self-selected walking speed.

Table 1.
Participant’s right and left lower-limb American Spinal Injury
Association Impairment Scale motor data collected at baseline, 5 months,
and 1.5 years post-spinal cord injury.

Lower-Limb 
Muscle

Spinal 
Root

Right Left
Baseline,
5 mo, and 

1.5 yr

Baseline
and 5 mo

1.5 yr

Iliopsoas L2 5 2 4
Quadriceps L3 5 2 2
Tibialis anterior L4 4 2 2
Gastrocnemius S1 4 1 1
L = lumbar, S = sacral.
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RESULTS

Table 1 shows the changes in motor function in the
lower limbs between the 11-week, 5-month, and 1.5-year
time points. No change in AIS motor scores occurred
between 11 weeks, 5 months, and 1.5 years postinjury on
the right, though hip flexion strength of the left lower
limb improved, as seen in Table 1.

WISCI-II scores increased from a baseline score of 6
(using a rolling-walker and left AFO with 1-person assis-
tance) to a 10 (ambulating with a rolling-walker) at
5 months and to a 19 (ambulating independently using a
single-point cane) at 1.5 years post-SCI.

Gait analysis performed at the 1.5-year time point is
shown in Figure 1. Vertical ground reaction forces
exerted were calculated as a fraction of body weight, first
at 2.0 km/h (calculated self-selected speed), followed by
2.5 km/h and 1.5 km/h. Peak vertical forces measured at
1.5 km/h were 77 percent on the left leg and 89 percent
on the right leg. At 2.0 km/h, peak vertical forces were 81
percent on the left leg and 88 percent on the right leg. At
2.5 km/h, peak vertical forces were 83 percent on the left
leg and 89 percent on the right leg.

Table 2 shows the loss of BMD in the lower limbs
over time. Over the study period, the lumbar spine had a
2.77 percent loss of BMD (1.119 to 1.147 g/cm2), the

right proximal femur had a 3.96 percent loss of BMD
(0.934 to 0.887 g/cm²), and the left proximal femur had a
10.52 percent loss of BMD (0.922 to 0.745 g/cm2).

At the 1.5 year time point, additional DXA measure-
ments at the distal femur and proximal tibia revealed
higher BMD in the right lower limb than the left lower
limb (Figure 2). According to World Health Organiza-
tion cutoffs [16], the right distal femur would be classi-
fied as osteopenic (T-Score: –1.5) and the left distal
femur would be considered osteoporotic (T-score: –3.0).

DISCUSSION

The objective of this study was to describe asymmet-
ric BMD loss following an incomplete SCI and discuss
the implications for rehabilitation. This case demon-
strates an ambulatory gentleman with motor incomplete
SCI and greater motor impairment in the left lower limb
than the right lower limb. As would be expected, he bears
weight to a lesser extent through the weaker limb. Like-
wise, BMD was markedly reduced in the more impaired
leg from baseline to 1.5 years post-SCI.

This case is the first to describe asymmetric bone loss
in a patient with SCI. These findings are similar to those
observed in the stroke population, in which a significantly

Figure 1.
 Peak ground reaction forces of right and left while walking at various speeds: slow (1.5 km/h), self-selected (2 km/h), and fast (2.5 km/h).
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greater loss of bone occurs in the paretic side than the
nonparetic side [17]. This difference has been correlated
with muscle strength [18], motor recovery [19], ability to
ambulate, and amount of loading [20]. BMD loss is also
seen in the nonparetic side in chronic stroke, which may
be the result of changes in use and weight-bearing pat-
terns. In chronic stroke, an exercise program [21] with
emphasis on lower-limb weight bearing and treadmill gait
training [22] benefited BMD in the paretic leg. Analo-
gous, muscle activity and ground reaction forces pro-
duced through ambulation may provide mechanical strain
necessary to maintain BMD in SCI, as seen in recent
studies in chronic stroke [21–22].

A recent study by Dudley-Javorski and Shields sug-
gests the importance of the orientation of muscular con-
traction on bone retention, because electrical stimulation

of the soleus muscle was associated with significantly
higher BMD in the posterior tibia compared with the
unstimulated anterior tibia, which did not differ signifi-
cantly in BMD of chronic SCI [12]. These results provide
further support for Dudley-Javorski and Shields’ finding
that mechanical loading was an important intervention
for bone loss attenuation [23].

A limitation of this study is that ground reaction force
data were not collected during the RABWSTT. The goal
during RABWSTT was gait symmetry with increased
weight bearing through the lower limbs as tolerated. The
lack of ground reaction force data raises the potential that
the goal of symmetrical weight bearing during RABWSTT
could have delayed BMD loss. However, without ground
reaction force data at the 5-month follow-up, we are
unable to determine the amount of loading of the lower
limbs bilaterally or the effects of mechanical loading
through RABWSTT.

There is a paucity of data on the effects of differential
BMD in incomplete SCI and the effects on upright activities
of standing and ambulating when considering fracture
thresholds. Differential osteoporosis is physiologically plau-
sible and we have shown that it occurs in SCI similar to
stroke. Clinicians need to have a high index of suspicion
for bone loss even in those who primarily ambulate. This
information is also critical to therapists designing activity

Table 2.
Participant’s bone mineral density loss from baseline to 1.5 years
post-spinal cord injury at lumbar spine and hips.

Examination
Lumbar
(g/cm2)

Left Proximal 
Femur
(g/cm2)

Right Proximal 
Femur
(g/cm2)

Baseline 1.119 0.922 0.934
5 mo 1.088 0.825 0.897
1.5 yr 1.147 0.745 0.887

Figure 2.
Dual-energy X-ray absorptiometry measurements of bilateral knees at 1.5-year follow-up. BMD = bone mineral density.
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protocols for those with incomplete SCI who are ambulat-
ing or pursuing other upright activity. Pharmacological treat-
ment in asymmetric osteoporosis may also be considered.

CONCLUSIONS

We presented the case of an individual with asymmet-
ric lower-limb motor function and gait pattern due to SCI,
both of which may have combined to result in asymmetric
BMD loss. This case demonstrates the need to monitor
BMD even in ambulatory individuals with SCI. Some
ambulatory individuals with SCI may benefit from treat-
ment to reduce BMD loss and avoid the risk of fractures.
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