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Abstract

The current study was undertaken to follow the time course of bone loss in the proximal tibia of rats over several
weeks following thoracic contusion spinal cord injury (SCI) of varying severity. It was hypothesized that bone
loss would be more pronounced in the more severely injured animals, and that hindlimb weight bearing would
help prevent bone loss. Twenty-six female Sprague-Dawley rats (200–225 g, 6–7 weeks old) received standard
thoracic (T9) injuries at energies of 6.25, 12.5, 25, or 50 g-cm. The rats were scored weekly for hindlimb function
during locomotion. At 0, 2 or 3, and 8 weeks, high-resolution micro-CT images of each right tibia were obtained.
Mechanical indentation testing was done to measure the compressive strength of the cancellous bone structure.
The 6.25 g-cm group showed near normal locomotion, the 12.5 and 25 g-cm groups showed the ability to
frequently or occasionally generate weight-supported plantar steps, respectively, and the 50 g-cm group showed
only movement without weight-supported plantar stepping. The 6.25, 12.5 and 25 g-cm groups remained at the
same level of bone volume fraction (cancBV/TV = 0.24 – 0.07), while the 50 g-cm group experienced severe bone
loss (67%), resulting in significantly lower ( p < 0.05) bone volume fraction (cancBV/TV = 0.11 – 0.05) at 8 weeks.
Proximal tibia cancellous bone strength was reduced by approximately 50% in these severely injured rats.
Instead of a linear proportionality between injury severity and bone loss, there appears to be a distinct functional
threshold, marked by occasional weight-supported stepping, above which bone loss does not occur.
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Introduction

Following spinal cord injury (SCI) in humans there is
rapid and sustained bone loss below the level of injury

(Biering-Sorensen et al., 1988,2009; Dauty et al., 2000; de Bruin
et al., 2005; Frey-Rindova et al.; 2000; Garland et al., 1992;
Jiang et al., 2006a; Sabo et al., 2001). With complete SCI, the
results are worse than when partial motor function is pre-
served (Garland et al., 2004; Jiang et al., 2006a). In paraplegia,
with active sitting, the spine and upper extremities experience
frequent loading, and it is primarily in the lower extremities
where loads are not present that bone loss occurs. Bone loss
has also been shown to be worse in the lower extremities than
in the spine or upper extremity following mid-cervical injuries
resulting in quadriplegia (de Bruin et al., 2005; Frey-Rindova
et al., 2000; Garland et al., 1992; Jiang et al., 2006a; Maı̈moun
et al., 2005). Even the proximal femur is not as affected as the
distal femur and proximal tibia ( Jiang et al., 2006a; Needham-
Shropshire et al., 1997). Thus, the amount of continued func-
tional loading on a given anatomic region inversely affects the
severity of bone loss in humans following SCI.

Not surprisingly, fracture incidence is increased in pa-
tients after SCI and with time since SCI due to the decreased
mechanical integrity of bone (Eser et al., 2005a; Zehnder
et al., 2004). These fractures can complicate recovery, reha-
bilitation, and activities of daily living ( Jiang et al., 2006a).
The most common sites of fracture in humans are the distal
femur and proximal tibia (Eser et al., 2005b; Garland et al.,
2001). These sites are problematic for two reasons. First, high
bending moments arise when loads are applied to the distal
tibia during falls or transfer maneuvers. Second, these are
sites that contain predominantly trabecular bone as opposed
to cortical bone. Loss of trabecular bone is typically more
severe than loss of cortical bone during the development of
osteopenia or osteoporosis (Modlesky et al., 2004; Slade
et al., 2005).

The animal literature contains several studies describing
the natural course of bone loss in rats following SCI ( Jiang
et al., 2006b,2007a,2007b,2007c; Liu et al., 2008a,2008b;
Minematsu et al., 2003; Morse et al., 2008; Sugawara et al.,
1998). These studies, however, did not investigate the rela-
tionship between injury severity and the degree or pattern of
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bone loss. The current study was undertaken to follow the
time course of bone loss in the proximal tibia of rats across
several weeks following thoracic contusion SCI of vary-
ing severity. Bone loss was quantified using in vivo high-
resolution three-dimensional micro-CT imaging (Voor et al.,
2008). Correlations were examined between mechanical
strength of the same bones for which images were obtained
and locomotor scores of the animals’ walking ability at vari-
ous time points after injury. It was hypothesized that bone
loss would be worse in the more severely injured animals, and
that hindlimb weight bearing would help prevent bone loss.

Methods

Twenty-six female Sprague-Dawley rats (200–225 g, 6–7
weeks old) were used in accordance with a protocol approved
by the Institutional Animal Care and Use Committee of the
University of Louisville. All rats were housed in plastic cages
and subjected to a 12-h light/dark cycle. All rats were allowed
to move freely in their cages throughout the 8-week experi-
ment. Tap water and a standard rodent diet were available to
all rats ad libitum. The animals were anesthetized with pen-
tobarbital (50 mg/kg IP) and the spinal cord was exposed at
T9 by laminectomy at the T11 vertebral level. The animals
received mild (6.25 g-cm, n = 6), moderate (12.5 g-cm, n = 7),
moderately-severe (25 g-cm, n = 7), or severe (50 g-cm, n = 6)
contusion injuries delivered by the NYU Impactor (W. Young,
Rutgers, Newark, NJ) as described previously (Smith et al.,
2009). After injury, the muscles and skin were closed in layers
with sutures and a topical antibiotic was applied. Each animal
also received prophylactic gentamicin sulfate (15 mg/kg IM)
on the day of surgery and again 3 and 5 days post-injury. Each
animal also received 10 mL of normal saline IP as a fluid re-
placement strategy. Body temperatures were maintained at
36–37�C using a water-filled heating pad for the duration of
the surgery and until all the animals were fully recovered
from the anesthetic. Manual bladder expression was per-
formed twice daily for each animal until reflexive voiding had
recovered. The injury severities were confirmed at study ter-
mination by histological analysis of spinal cord section spared
white matter.

Weekly during the study period, the rats were scored for
hindlimb function during locomotion using an established
open-field locomotor grading protocol (Basso-Beattie-
Bresnahan [BBB] rating scale; Basso et al., 1995,1996). The

animals were observed for 4 min by two evaluators who were
blinded to the animal’s injury status, and given a composite
score based on various movements.

At 0, 2 or 3, and 8 weeks, high-resolution images were
collected using a customized micro-CT system (ACTIS 150/
225 system; BIR Inc., Lincolnshire, IL). Half of the animals
were scanned at 0 weeks to establish the baseline bone pa-
rameters. Each animal was anesthetized with isoflurane (2–
5% in oxygen) and placed in a custom animal holder that
allows the left hindlimb to be flexed and the right to be ex-
tended, along with the tail, into the lower column of the im-
aging tube. While in the holder the animal was supplied with
isoflurane using a nose cone. The metaphysis of each right
tibia was scanned over a 3-mm distance below the knee joint
(Fig. 1). The three-dimensional image data were processed to
reveal the volume fractions within the metaphysis occupied
by cancellous and cortical bone tissue (Fig. 2). Both the can-
cellous and cortical bone of the metaphysis contribute to the
fracture strength of the proximal tibia (Xu et al., 2009).

After sacrifice, the left tibias were trimmed to expose the
cancellous bone of the proximal tibial metaphysis corre-
sponding to the same region scanned on the right tibias, and
an indentation test was performed by advancing a flat-tipped
cylindrical post (1.5 mm diameter) axially into the cut surface
at a rate of 1 mm/min to measure the compressive strength of
the cancellous bone.

After sacrifice, the spinal cords were fixed in parafor-
maldehyde, cryopreserved in sucrose, and sectioned for
histological evaluation of the lesions as described previously
(Magnuson et al., 2005; Smith et al., 2009). The percentage
area of spared cross-sectional white matter at the injury
epicenter was calculated for each animal (Magnuson et al.,
2005).

Statistical analysis

Statistical analyses were performed as repeated-measures
analysis of variance (ANOVA) followed by Tukey’s HSD post-
hoc t-tests and Pearson correlations. Additionally, binomial
proportion tests were done at 3 and 8 weeks to test the dif-
ference between the number of animals that could or could
not establish weight support in the 25 and 50 g-cm injury
groups. As our hypothesis was that hindlimb weight bearing
would help prevent bone loss, this additional analysis was
done to distinguish any differences between the two most

FIG. 1. The custom in vivo micro-CT scanner was used to scan the proximal tibial metaphysis at a nominal resolution of 28lm.
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severe injury groups with respect to weight support. All
values are stated as mean – standard deviation.

Results

As expected, all injured rats exhibited significant im-
provements in hindlimb function during locomotion over the
first 2–3 weeks post-injury. Locomotor scores (BBB) reached a
plateau by week 3, and were steady for the remainder of the 8-
week study (Fig. 3). The mildly-injured (6.25 g-cm) group
showed nearly normal locomotion, while both moderately-
injured groups (12.5 and 25 g-cm) showed the ability to fre-
quently or occasionally generate weight supported plantar
steps, respectively. The severely injured (50 g-cm) group
showed extensive hindlimb movement (sweeping involv-
ing all three joints) without any weight-supported plantar
stepping.

All 26 animals survived for the duration of the 8-week
study. Upon histological inspection of the spinal cord sec-

tions, three animals were removed from the 6.25 g-cm injury
group because they maintained 100% spared white matter,
and one animal was moved from the 25 g-cm group to the
50 g-cm group because it only had 1.5% spared white matter.
The locomotor (BBB) scores of the rats were well correlated
(r2 = 0.898, p < 0.05) with the percentage of spared white mat-
ter at the injury epicenters at 8 weeks. At both 3 and 8 weeks
the 25 g-cm group had significantly more animals that could
establish weight support (z = 5.07; p < 0.001) than the 50 g-cm
group.

The rats in all four injury groups lost more than 25% of their
cancellous bone volume fraction within 3 weeks, compared to
pre-injury baseline (Fig. 4A), mostly due to growth and con-
solidation of the metaphyseal cancellous bone, and possibly
due to transient disuse as noted in the early locomotor scores
(Fig. 3). The mildly-injured (6.25 g-cm) and moderately-in-
jured (12.5 and 25 g-cm) groups lost approximately 25% of
their cancellous bone relative to baseline ( p < 0.01) in the first 2
weeks, while they were recovering plantar hindlimb stepping,

FIG. 3. Graph of the Basso-Beattie-Bresnahan (BBB) locomotor score for each rat group shows the recovery of each group
over time, with continuing lack of plantar weight support in the severely-injured (50 g-cm) group, as indicated by a BBB score
below 10 (dashed line at 9.5).

FIG. 2. The 3-mm section of the proximal metaphysis was reconstructed in three dimensions (A), and then segmented to
isolate cancellous bone (B) and cortical bone (C).
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and then remained at the same level of bone volume fraction
through 8 weeks (cancellous bone volume/total volume
[cancBV/TV] = 0.24 – 0.07). Conversely, the severely-injured

(50 g-cm) group continued to lose bone, and experienced se-
vere bone loss (67%) after 8 weeks, resulting in significantly
lower ( p < 0.01) bone volume fraction (cancBV/TV = 0.11 –
0.05) relative to both baseline and the milder injury groups
(Fig. 4A).

The results for cortical bone were similar. The mildly-
injured (6.25 g-cm) and moderately-injured (12.5 and 25 g-cm)
groups lost approximately 11% of their cortical bone in the
first 2 weeks, while they were recovering plantar hindlimb
stepping, and then remained at the same level of bone volume
fraction for the duration of the study (cortical bone volume/
total volume [cortBV/TV] = 0.58 – 0.05). The severely-injured
(50 g-cm) group experienced greater bone loss (32%), resulting
in significantly lower ( p < 0.01) bone volume fractions
(cortBV/TV = 0.43 – 0.03) at the 8-week time point (Fig. 4B).

The indentation testing for cancellous bone strength after 8
weeks (Fig. 4C) correlated well with the cancellous bone
volume fraction (Fig. 5). The strength of the cancellous bone of
the proximal tibial metaphysis was reduced by approximately
50% in the severely-injured rats compared to the groups with
mild and moderate injuries.

Discussion

The goals of this study were to quantify bone changes in the
hindlimbs of adult female rats after contusive mid-thoracic
spinal cord injuries of various severities, and to examine
relationships between bone loss and functional status of the
partially paralyzed hindlimbs. We found that animals with
mild and moderate injuries experienced a decrease in can-
cellous bone volume fraction of approximately 25%, and
recovered the functional capacity to generate hindlimb
plantar weight support during stance by 3 weeks post-
injury. The mild and moderate injury groups had no further
bone loss through 8 weeks. The group with severe injuries
remained below the locomotor grading threshold of at least
occasional weight-supported plantar hindlimb stepping
(BBB score 10), and continued to lose bone until they had lost
67% of their cancellous bone by 8 weeks. These results clo-
sely match the results of Morse and associates (2008), for
whom the distal femur was found to lose 48% of its cancel-
lous bone and 35% of its cortical bone after only 10 days
following a similar 50 g-cm impact injury to the thoracic
spinal cord.

This study reveals that over a wide range of injury se-
verity, there appears to be a distinct threshold for bone loss
which is related to the degree of compromise of hindlimb
weight bearing. Though all or some of the severe bone loss
may be related to disuse, the result is not surprising, due to
the well-known observation of disuse-related bone loss in
both animal and human models (Sievänen, 2010; Weinreb
et al., 1991; Zeng et al., 1996). The finding that only minimal
walking ability was able to maintain almost normal bone,
however, was not expected. Some of the early bone loss
could have been caused by transient disuse during the time
it took to recover walking ability in the mild and moderate
injury groups. It is also possible that some of the observed
decrease in volume fraction is normal for aging and
growing animals such as those used in this study ( Jiang
et al., 2007b; Waarsing et al., 2006). Another possibility is
that neurological injury results in changes in the bone tissue
environment that can have a negative impact on bone mass

FIG. 4. (A) The cancellous bone volume fraction in the
proximal tibia metaphysis decreased approximately 25% in
each injury severity group over the first few weeks ( p < 0.01)
relative to baseline. The severely-injured group lost a sig-
nificant amount of bone over 3 weeks (*p < 0.01), and lost
67% of its cancellous bone over 8 weeks (**p < 0.01) relative to
baseline. The 8-week bone volume fraction in the severely-
injured group was also significantly different than the less-
severely-injured groups ( p < 0.01). (B) The cortical bone vol-
ume fraction in the proximal tibia metaphysis decreased
approximately 11% in each injury severity group over the
first few weeks ( p < 0.01) relative to baseline. The severely-
injured group lost a significant amount of bone over 3 weeks
(*p < 0.01), and lost 32% of its cortical bone over 8 weeks
(**p < 0.01) relative to baseline. The 8-week cortical bone
volume in the severely-injured group was also significantly
different than the less-severely-injured groups ( p < 0.01). (C)
The mechanical indentation strength of the proximal tibia
metaphyseal cancellous bone decreased significantly
( p < 0.05), by approximately 50% in the severely-injured
group (50 g-cm) compared to the other groups.
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regardless of the injury severity (Morse et al., 2008).
Nevertheless, we found that groups of animals that
achieved a mean BBB score of 10 (indicating occasional [5–
50%] plantar hindlimb stepping with weight support) by
post-injury week 3 were able to prevent a severe net loss of
bone in the proximal tibia.

It is clearly a limitation of the present study that there were
no uninjured animals evaluated at each time point for direct
comparison. Findings from similar studies ( Jiang et al., 2007b;
Morse et al., 2008), when used for reference, indicate that the
bone loss observed in the mild and moderate injury groups
was slight compared to what would be expected from normal
growth and aging.

The data on bone response to its mechanical environment
are very interesting. It has long been believed that bone forms
to meet its function. In particular, bone structure will be gui-
ded by ‘‘Wolff’s Law’’ to align itself with the trajectories of
principal stress (Lanyon and Rubin, 1984; Wolff, 1892). Sev-
eral studies have shown that the magnitude of the loading is
important to the preservation or building of bone mass, but
other studies have shown that low-amplitude, high-frequency
strain can be anabolic in bone (Rubin et al., 2001). These data
are especially relevant because the magnitude of the loading
need not be greater than normal to elicit a beneficial response
in humans (Rubin et al., 2002a,2002b,2004). The evidence from
animal studies is that vibrations induced through a platform
can cause an increase in cancellous bone mass in the leg
(Rubin et al., 2002a). Because relatively low-amplitude strain
applied through ground reaction forces improves bone
mass, it is apparent that normal walking (weight bearing) is
an excellent stimulus for bone mass preservation in the lower
extremities.

Normal bone remodeling (turnover) involves a relative
balance between osteoclastic resorption of bone and osteo-
blastic formation of bone on active bone surfaces. It is be-
lieved that osteoclasts are actively inhibited by osteocytes
and osteoblast-like lining cells that experience normal strain
signals from functional load-bearing activity (Mullender
and Huiskes, 1995,1997; You et al., 2008). There are several
potential mechanisms by which osteocytes inhibit osteo-
clasts, such as through the release of transforming growth
factor-b (Heino et al., 2002), or through matrix extracellular
phosphoglycoprotein (Kulkarni et al., 2010). Conversely,

when this inhibitory signaling is interrupted by a decrease in
strain, the osteoclastic resorption is upregulated, resulting in
net bone loss. The osteocytes that see reduced strain release
more receptor activator of nuclear factor-jB ligand
(RANKL), resulting in greater bone loss (Xiong et al., 2011).
Furthermore, when bone is unloaded such as in disuse or
SCI, the osteocytes release sclerostin, which inhibits new
bone formation by competing with the Wnt signaling path-
way involving osteoblasts. Bone that is loaded in vivo will
release less sclerostin, thus allowing new bone formation
(Robling et al., 2008). There are even some potential thera-
peutic measures that may be helpful to bone following SCI.
For example, human recombinant osteoprotegerin (hrOPG)
inhibits the RANKL pathway to ostoclastogenesis, thus
preventing bone loss with paralysis (Aliprantis et al., 2011).
Future work in this area of SCI and bone quality should
investigate the interplay of the various cellular and signaling
pathways that control bone remodeling.

Regardless of the mechanism by which bone is lost after
SCI, load bearing plays a role in the final result. As the bone
architecture is weakened by bone loss and remodeling, the
strain on the bone tissue increases again, not because of in-
creased loading, but because any level of loading is stressing
and straining a weaker skeleton. In other words, the new
strain signal controls bone mass at a new balance ‘‘set-point.’’
In the total absence of load-bearing activity, this eventual in-
crease in strain signal does not occur, resulting in continued
net bone loss.

Conclusion

This is the first study to follow and compare the time course
of bone loss following spinal cord injuries of different seve-
rities. Instead of a linear proportionality between injury se-
verity and bone loss, there appears to be a distinct threshold,
marked by occasional weight-supported stepping, above
which bone loss is limited. In the most-severely-injured ani-
mals (i.e., those unable to achieve weight-supported step-
ping), rapid bone loss was observed as early as 2–3 weeks, and
the bone loss was significant by 8 weeks. Future work should
focus on differentiating between the mechanisms of bone loss
or preservation as they relate specifically to weight-supported
stepping and injury severity.

FIG. 5. The indentation strength and the cancellous bone volume fraction are correlated (r2 = 0.594) at 8 weeks post-spinal
cord injury, and the correlation is significant ( p < 0.001; BV/TV, bone volume/total volume).
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