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To study the effects of mechanical loading on bones after SCI, we assessed macro- and microscopic anatomy in rats submitted
to passive standing (PS) and electrical stimulation (ES). The study design was based on two main groups of juvenile male Wistar
rats with SCI: one was followed for 33 days with therapies starting at day 3 and the other was followed for 63 days with therapies
starting at day 33. Both groups were composed of four subgroups (n = 10/group): (1) Sham, (2) SCI, (3) SCI + PS, and (4) SCI + ES.
Rehabilitation protocol consisted of a 20-minute session, 3x/wk for 30 days. The animals were sequentially weighed and euthanized.
The femur and tibia were assessed macroscopically and microscopically by scanning electronic microscopy (SEM). The SCI rats
gained less weight than Sham-operated animals. Significant reduction of bone mass and periosteal radii was observed in the SCI rats,
whereas PS and ES efficiently improved the macroscopic parameters. The SEM images showed less and thin trabecular bone in SCI
rats. PS and ES efficiently ameliorated the bone microarchitecture deterioration by thickening and increasing the trabeculae. Based
on the detrimental changes in bone tissue following SCI, the mechanical loading through weight bearing and muscle contraction

may decrease the bone loss and restore the macro- and microanatomy.

1. Introduction

Spinal cord injury (SCI) initiates a cascade of systemic
effects that disrupts the normal neural, vascular, hormonal,
mechanical, and molecular balance, resulting in bone loss [1].
More than 50% of people with complete SCI will experience a
postinjury bone fracture at some point [2]. The risk of fracture
in a SCI individual is twofold the risk of fracture in an able-
bodied person [3]. In addition to the markedly decreased
quality of life, the mortality after a lower bone fracture is
estimated to be 78% higher for SCI patients [4] and has often
been associated with medical complications [2, 5].

The loss of bone tissue varies according to the anatomic
region [3], and the most frequently fractured sites are the

distal segment of the femur and the proximal segment of
the tibia, where the bone tissue is predominantly trabecular
[2]. The bone mineral density declines by approximately
50% at the distal epiphyses of the femur and by 60% at
the proximal epiphyses of the tibia within 3 to 4 years after
SCI. Afterward, the bone density reaches a steady state.
The bone loss occurs at a minor intensity in the shaft and
reaches 35% in the femur and 25% in the tibia within the
first 5 to 7 years after injury [3]. Therefore, the osteoporosis
after SCI is mainly caused by the loss of trabecular bone
quality, which can be characterized by decreased mechanical
properties, altered chemical composition, and disarrange-
ment of the bone tissue microarchitecture [6]. Although
assessing the bone microarchitecture provides substantial
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FIGURE 1: Flowchart of the experimental group design. (SCI: spinal cord injury; PS: passive standing; ES: electrical stimulation).

information about the changes that occur following paralysis,
macroscopic anatomic changes may also play an important
role in bone loss and fracture determinants [7, 8]. It is known
that bones have specific angulations and curvatures, which
enhance their capacity to resist bending and shear stresses [7].
Furthermore, the periosteal radius is a major determinant of
bone resistance against fracture [9], which might account for
the elevated risk of bone fracture within the SCI population.
McCarthy has demonstrated the morphological changes in
bone following SCI, using peripheral quantitative computer-
ized tomography. The authors found a decrease in the cross-
sectional area and in the volumetric bone mineral density,
which may be consistent with bone mechanical loss [10].

According to our previous experimental study, a signif-
icant loss of bone density and strength was found in rats
after SCI [11], which may be secondary to the macro- and
microstructural changes caused by the absence of weight
bearing and muscle contraction. Additionally, we believe that
reloading (either by passive standing (PS) or by artificial
muscle contraction) may change both the macroscopic and
microscopic anatomic structures of bone tissue from para-
plegic rats. Thus, the present study assessed the macro- and
microscopic anatomy of bones after complete SCI injury for
the purpose of comparing bones without loading and bones
after reloading using PS treatment and electrical stimulation
(ES).

2. Materials and Methods

2.1. Spinal Cord Injury and Postoperative Care. Juvenile Wis-
tar rats (weight, 200-225g; age 7 wks) were anesthetized
by the intraperitoneal (IP) administration of ketamine
(87 mg/kg, IP) and xylazine (13 mg/kg, IP). Complete SCI
was achieved by surgical transection of the cord at the T10
level, as previously described [11-14]. The Sham-operated
animals underwent laminectomy with cord exposure but

without cord transection and were used as the control group
(Sham, n = 10). The animals were kept under standard
laboratory conditions (room temperature 22 + 2°C, humidity
55 + 5%, 12 h light-dark cycles), housed in individual cages,
and fed unrestrictedly with standard laboratory animal chow,
containing 1.15% calcium and 0.88% phosphorus, and they
were offered water ad libitum. The daily postoperative care
consisted of a skin examination, neurological functional
assessment, and bladder expression twice daily. All rats were
administered (intramuscular) buprenorphine (0.03 mg/kg)
twice daily for 5 days for postoperative pain and 10 mL
Lactated Ringer’s solution subcutaneously once daily for 5
days.

The experimental protocol and all of the animal care
described herein were previously approved by our Institu-
tional Animal Care and Use Committee.

2.2. Animal Groups. Eighty rats were divided into 8 groups
(n = 10 per group, Figure 1). The first 4 groups were followed
postoperatively for 33 days [(1) Sham 33d, (2) SCI 33d, (3)
SCI + PS 33d, and (4) SCI + ES 33 d], and the other 4 groups
were followed postoperatively for 63 days [(5) Sham 63 d, (6)
SCI63d, (7) SCI + PS 63d, and (8) SCI + ES 63d].

The control groups (33 d and 63 d Sham rats) consisted of
animals that were able to ambulate normally; these animals
were not submitted to physical therapy. The SCI group
consisted of SCI animals that were not submitted to physical
therapy. The SCI + PS group consisted of SCI animals that
began PS treatment either on postoperative day 3 (SCI + PS
33d) or on postoperative day 33 (SCI + PS 63d). The SCI
+ ES group consisted of SCI animals that began electrical
stimulation (to artificially contract denervated paralyzed
muscles) either on postoperative day 3 (SCI + ES 33d) or
on postoperative day 33 (SCI + ES 63 d). Therapies that were
initiated on postinjury day 3 were applied as a preventive
physical modality against bone loss caused by the paraplegia.
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Therapies that were initiated on postinjury day 33 were
applied as a therapeutic physical modality to revert the
significant bone loss caused by the 30 days of paraplegia [11].
All treatments were performed 3 days per wk, 20 minutes/day
for 30 days.

2.3. Passive Standing Treatment. The rats were placed in
standing positions held by a custom-built static standing
frame that maintained the hind limbs in extension, with the
knees straight and the hind paws at a 90" angle with the level
surface [11]. Positioning of the animal was optimized during
each session to ensure an upright, erect position to avoid
forward bending or rotation of the trunk.

2.4. Electrical Stimulation Therapy. Electrodes were placed
over the motor points of the quadriceps and triceps surae
muscles. Stimulation was performed with 300 us rectangular
pulses delivered at 50 Hz with a 5s on/15s off duty cycle.
The stimulation amplitude was adjusted (20 to 150 mA) to
produce a concentric contraction that could be maintained
for the stimulus duration (20 minutes).

The goal of the muscle contraction was to cause ankle
plantar flexion and knee extension through the range of
motion for each joint. Rats were not anesthetized during the
therapy but were restrained inside a polyvinyl chloride tube.

2.5. Bone Assessment. At the end of each study time-point,
the animals were weighed, which allowed the body mass to
be compared at each time-point. The rats were then eutha-
nized, and their bones were submitted to both macroscopic
analysis and microscopic assessment by scanning electronic
microscopy.

2.6. Macroscopic Analysis. The bones (tibias and femurs)
were cleaned of soft tissues and then subjected to both quali-
tative and quantitative analyses. Qualitatively, the bones were
compared among the groups, and then images were collected.
Quantitatively, the bone mass, length, and perimeter were
measured.

2.7. Scanning Electron Microscopy (SEM) Analysis. The distal
femur and proximal tibia were sectioned in the coronal plane
with a diamond-coated, low-speed saw, which measured
7mm thick and 10mm long. Sections were then washed
repeatedly in distilled water, ultrasonicated, dehydrated in
ascending grades of ethanol, and subjected to critical-point
drying in CO,. The specimens were secured on aluminum
stubs with conducting tape, coated with a thin layer of gold in
avacuum Bal-Tec SCD 050 (Fiirstentum Liechtenstein) sput-
ter coater, and studied with a Zeiss EVO MAI0 (Cambridge,
UK) scanning electron microscope in the secondary electron
image (SEI) mode. Images were captured with an augment
of 50x, whence the growth plate was used as the anatomical
landmark for the superior limit of image.

2.8. Statistical Analysis. General linear models were used
to compare the mean body weights and macroscopic bone
measures at each site between each group. Tukey’s correction

B8 SCI+PS
= SCI+ES

Bl Sham
[ scar

FIGURE 2: Body mass at each time-point of the study. At day 0,
there was no difference among the groups; however, at both day 33
and day 63, the spinal cord injury (SCI) rats did not gain as much
weight as the Sham animals. The asterisks indicate a statistically
significant difference (P < 0.05). (PS: passive standing; ES: electrical
stimulation). Error bars indicate standard deviation.

was applied to adjust for multiple comparisons. The level of
significance was set at 5%.

3. Results

3.1. Body Mass Reduction after SCI. At study entry, the
rat’s body mass was similar among the groups (217 + 15g),
indicating homogeneity among the animals (P > 0.05). At
day 33, we observed that the SCI animals gained weight but
not in the same proportion as the control group (30% versus
101%, P < 0.0001). The failure of the SCI rats to gain as
much weight as the Sham rats persisted at the 63-daytime-
point (73% versus 146%, P < 0.0001, Figure 2), whereas the
body mass increased by 20% and 17% in the PS and ES groups,
respectively, compared to age-matched SCI animals.

3.2. Macroscopic Anatomic Changes in the Femur. Bones
from the paraplegic rats showed deficits at increasing mor-
phological measurements at varying levels, whence these
measurements were more pronounced after 63 days of injury
(Figure 3). At 33 days, there was a significant reduction (16%)
in the femoral mass, a 31% reduction in the femoral neck
perimeter, and a 22% reduction in the diaphyseal perimeter
(P < 0.05). At day 63, the reductions were 33% in the femoral
mass, 27% in the femoral neck perimeter, and 25% in the
diaphyseal perimeter (P < 0.05).

The PS treatment showed significant osteogenic effects
not only at preventing bone loss but also at restoring the
bone quality of the paraplegic rats. When applied in an acute
stage (as a preventive therapy initiated 3 days after injury), PS
significantly increased the femoral mass by 9% (P < 0.01).
When applied in a chronic stage, to reverse the previously
established bone loss, PS significantly increased the femoral
mass by 36%, the femoral neck perimeter by 31%, and the
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FIGURE 3: The macroscopic changes in the femur at 33 and 63 days after spinal cord injury (SCI). SCI rats showed deficits at increasing the
bone morphometric measures to varying levels, whereas reloading through passive standing (PS) tended to reverse this loss and electrical
stimulation (ES) slightly ameliorated it. The asterisks (*) and hash (#) signs indicate a significant difference (P < 0.05). Error bars indicate

standard deviation.

femoral diaphysis perimeter by 25% (P < 0.01). The increase
in the femoral neck perimeter was sufficient to completely
restore its value to that considered to be normal (P > 0.05
in the Sham versus SCI + PS groups).

Although ES was not associated with significant preven-
tion or reversion of the morphometric bone losses, non-
significant (P > 0.05) increases of 31% in the femoral mass,
9% in the femoral neck perimeter, and 10% in the diaphysis
perimeter were found when ES was applied in a chronic
stage.

Morphological changes in the macroscopic anatomy of
the femur were observed following SCI. Figure 4 shows
the femurs from the Sham 63d, SCI 63d, and SCI + PS
63 d groups. Regarding the macroscopic proportions of the
normal femur (A), it was possible to estimate a reduced bone
size after SCI over the gluteal tuberosity and the greater and

FIGURE 4: Anterior view of the right femur from 3 different groups:
Sham (A); SCI (B); and SCI + PS (C). The lack of a mechanical load
throughout both weight bearing and muscle contraction activities
in the SCI rats (B) caused femoral morphological changes (i.e., a
reduced bone perimeter and prominence of the gluteal tuberosity,
arrow), whereas such changes were ameliorated by PS (C). (SCI:
spinal cord injury; PS: passive standing).
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FIGURE 5: Macroscopic changes in the tibia at 33 and 63 days after spinal cord injury (SCI). SCI rats showed deficits at increasing the bone
morphometric measures to varying levels, whereas reloading through passive standing (PS) reversed this loss and electrical stimulation (ES)
also showed the same tendency. Asterisks (*) and hash (#) signs indicate a significant difference (P < 0.05).

third trochanter, whereas such deficits were not found in the
same proportions after reloading through PS (C).

3.3. Macroscopic Anatomic Changes in the Tibia. Similar to
the results observed in the femur, the tibias from the para-
plegic rats also failed at increasing the morphological mea-
surements, when compared to the weight-matched controls
(Figure 5); these measurements were more pronounced after
63 days of injury. At day 33, significant decreases of 16% and
17% were found in the SCI rats for the tibial mass and the
diaphyseal perimeter, respectively (P < 0.05). At day 63,
the reductions were 34% in the tibial mass and 21% in the
diaphyseal perimeter (P < 0.05).

Neither PS nor ES increased the morphometric parame-
ters when they were applied as a prevention modality.

PS treatment in the chronic stage completely reversed the
morphometric losses caused by the paraplegia, and normal
values were restored (P > 0.05 in the Sham versus SCI + PS

groups). PS increased the tibial mass and the tibial diaphysis
perimeter in 46% and 25%, respectively, of the SCI rats (P <
0.01).

Although ES did not significantly prevent or reverse
the morphometric bone losses, nonsignificant (P > 0.05)
increases of 4% in the tibial mass and 15% in the tibial
diaphysis perimeter were observed when ES was applied at
the chronic stage.

Morphological changes in the macroscopic anatomy of
the tibia were observed following SCI. Figure 6 shows the
tibias from the Sham 63 d, SCI 63 d, and SCI + ES 63 d groups.
Regarding the macroscopic proportion of the normal tibia,
it was possible to estimate a reduced bone size after SCI. In
addition, the anterior tuberosity of the tibia was smaller in the
SCI group, most likely because of the lack of patellar ligament
traction. In group SCI + ES 63 d, the anterior tuberosity of the
tibia was more evident, most likely because of the electrical
stimulation of the quadriceps muscle.
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FIGURE 6: Anterior (a), lateral (b), and posterior (c) views of tibias from 3 different groups: Sham, SCI, and SCI + ES. The lack of muscle
contraction caused anatomic changes in the tibias of the SCI rats. The anterior margin and tibial tuberosity are noticeably reduced in SCI
(white arrows, (a) and (b)) when compared with Sham and SCI + ES. Conversely, ES stimulated bone formation and increased these anatomic
prominences (white arrowheads, (a) and (b)). In the posterior view (c), the posterior tibial depression is practically nonexistent at the unloaded
tibia (black arrow, SCI) but becomes more evident with muscle electrical stimulation (black arrowhead, SCI + ES). (SCI: spinal cord injury;

ES: electrical stimulation).

3.4. Differences in the Bone Microarchitecture between the
Unloading and Reloading Conditions. SEM images (Figures
7 and 8) showed intense changes in the bone microstructure
in the femurs and tibias of the SCI animals, mainly on
day 63. Mechanical loading by both weight bearing (SCI +
PS) and muscle contraction (SCI + ES) improved the bone
microstructure of the osteopenic bones, whereas the changes
were greater following PS.

4. Discussion

Fractures in SCI patients have particular aspects that may
differ from typical osteoporotic bone fractures because of
the neurological deficit. Lower extremities bones in people
with SCI can receive neither compression forces from weight

bearing nor traction forces from muscle contraction. Thus,
SCI induces substantial bone loss in the regions below the
injury 2,10, 11, 15]. In agreement with the literature, we found
significant bone loss in paraplegic rats. This loss could be
associated with the absence of mechanical loading and the
lack of muscle contraction. At the macroscopic level, changes
in the geometry and morphology were observed in the tibias
and femurs of the paraplegic rats. Furthermore, the anatomic
prominences of these bones became less evident after the SCI
injury because of the absence of muscle contraction.

The lack of compression forces produces a greater neg-
ative impact at the trabecular bone of the epiphysis and
metaphysis compared with the compact lamellar bone of the
diaphysis, which is primarily subject to bending and torsional
forces [16, 17]. Therefore, bone fractures in SCI individuals
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FIGURE 7: Microstructural changes in the femur and tibia at day 33 after unloading because of SCI and reloading by weight bearing (SCI +
PS) and artificial muscle contraction (SCI + ES). Acute SCI increased bone resorption (asterisks) in both the tibia and the femur but was
remarkably ameliorated by PS. (SCI: spinal cord injury; PS: passive standing; ES: electrical stimulation). Images were captured with an
augment of 50x, whence the growth plate was used as the anatomical landmark for the superior limit of the image.
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FIGURE 8: Microstructural changes in the femur and tibia at day 63 after unloading because of SCI and reloading by weight bearing (SCI + PS)
and muscle electrical stimulation (SCI + ES). Chronic SCI substantially increased bone resorption (asterisks) in both the tibia and the femur
but was mainly reversed by both PS and ES (to a lesser degree). (SCI: spinal cord injury; PS: passive standing; ES: electrical stimulation).
Images were captured with an augment of 50x, whence the growth plate was used as the anatomical landmark for the superior limit of the

image.

commonly occur at the metaphysis, which is a transitional
zone between the condyles that has an extensive trabecular
region with a thin cortical shell, than at the diaphysis, which
has a thick cortical shell and almost no trabeculae [1, 15].
Previous studies have shown that the bone changes following
SCI are more pronounced at the epiphyses [15, 17], which
justifies our analysis of the bone microarchitecture at the
femoral and tibial metaphysis.

It is known that the bone macroarchitecture influences
bone resistance. The bone size and shape directly affect

the bone strength, whereby the periosteal radius plays an
important role in the bone resistance against bending loads
[7, 9]. For instance, a modest increase of 8% in the periosteal
radius causes a 36% increase in bone strength, which demon-
strates that mechanical loading stimulates periosteal bone
formation in areas under higher stress [9]. In our study,
we observed macroscopic changes in the bone because of
the absence of mechanical loading, which resulted in a
reduced periosteal perimeter. The reduction at the periosteal
perimeter was not only due to the absence of mechanical



loading, but also because the rats were juvenile and still
growing. Furthermore, because of the muscle paralysis, we
found an overall reduction in the visible bone proportions
and observed anatomic injuries (induced by SCI) within
the macroscopic morphology of the bones. Morphological
changes in the long bones caused by muscle contraction have
also been demonstrated by previous researchers, who have
used myostatin-deficient mice to show the direct relationship
between increased muscle mass and bone formation [8, 18].
Conversely, no relationship has been found by other authors
[19]. At the microscopic level, the bones of the SCI rats dis-
played marked trabeculae loss, leading to microarchitecture
deterioration.

Many authors have studied the effects of PS and ES on
the bone tissue in SCI patients. Some of these researchers
have found that both PS [20-22] and ES [23-27] positively
increased the bone quality after SCI. Conversely, previous
studies have not demonstrated any significant effects of PS
[28-31] or ES [32-34] at improving the bone quality following
SCI. We previously found a positive effect of both PS and ES
on the bone mineral density and bone strength in paraplegic
rats [11]. As bone formation occurs preferentially in areas in
which the strains are higher [9], we hypothesize that both
PS and ES may stimulate local bone formation. In this study,
we found that PS improved both the macro- and microar-
chitecture structure of the bone tissue after SCI. At the
macroscopic level, the periosteal perimeter was substantially
increased because of mechanical loading by weight bearing
in the standing frame device. Thicker and more numerous
trabeculae were found at the microscopic level, in addition
to a higher trabecular organization. The artificial muscle con-
traction by ES also had positive macroscopic and microscopic
effects on the bone tissue. At the macroscopic level, we found
that quadriceps and triceps surae muscle stimulation partially
restored the normal anatomic morphology at the tibias by
stimulating bone formation at the muscle insertions [9]. At
a microscopic level, we found an increase in the trabeculae
number, thickness, and organization in the group subjected
to the electrical stimulation treatment. Passive standing and
electrical stimulation therapies ameliorated, and at some
point reverted, the bone loss caused by the complete injury
at the spinal cord. These findings confirm the important
role of the mechanical loading on bone quality, by means of
both weight bearing and muscle contraction. Although the
improvement in bone quality was more pronounced in the
animals submitted to passive standing, we may not infer that
weigh bearing is better than muscle contraction at improving
bone quality, since the exposure to weight bearing was longer
than muscle contraction (in the ES therapy the “time oft”
is three times longer than the “time on,” which means that,
during the 20 minutes of stimulation, muscle is really under
contraction for less than 7 minutes).

5. Conclusions

We conclude that spinal cord injury causes detrimental
changes in the macroscopic and microscopic anatomy of the
bone tissue in paraplegic rats. Additionally, both mechanical
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loading through weight bearing and muscle contraction
through electrical stimulation are efficient techniques at
improving the normal anatomy of the long bones.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by the Foundation for Research
Support of the State of Sdo Paulo (FAPESP), Brazil.

References

[1] S. Dudley-Javoroski and R. K. Shields, “Longitudinal changes
in femur bone mineral density after spinal cord injury: effects
of slice placement and peel method,” Osteoporosis International,
vol. 21, no. 6, pp. 985-995, 2010.

[2] L. R. Morse, R. A. Battaglino, K. L. Stolzmann et al., “Osteo-
porotic fractures and hospitalization risk in chronic spinal cord
injury;” Osteoporosis International, vol. 20, no. 3, pp. 385-392,
2009.

[3] P Eser, A. Frotzler, Y. Zehnder et al., “Relationship between the
duration of paralysis and bone structure: a pQCT study of spinal
cord injured individuals,” Bone, vol. 34, no. 5, pp. 869-880, 2004.

[4] TJ. S. Krause, R. E. Carter, E. E. Pickelsimer, and D. Wilson, ‘A
prospective study of health and risk of mortality after spinal
cord injury;” Archives of Physical Medicine and Rehabilitation,
vol. 89, no. 8, pp. 1482-1491, 2008.

[5] L. R. Morse, L. Giangregorio, R. A. Battaglino et al., “VA-Based
Survey of Osteoporosis Management in Spinal Cord Injury;” PM
and R, vol. 1, no. 3, pp. 240-244, 2009.

[6] B.C. Tellis, J. A. Szivek, C. L. Bliss, D. S. Margolis, R. K. Vaidy-
anathan, and P. Calvert, “Trabecular scaffolds created using
micro CT guided fused deposition modeling,” Materials Science
and Engineering C, vol. 28, no. 1, pp. 171-178, 2008.

[7] D. Chappard, M. E. Baslé, E. Legrand, and M. Audran, “New
laboratory tools in the assessment of bone quality;” Osteoporosis
International, vol. 22, no. 8, pp. 2225-2240, 2011.

[8] M. W. Hamrick, A. C. McPherron, C. O. Lovejoy, and J. Hudson,
“Femoral morphology and cross-sectional geometry of adult
myostatin-deficient mice,” Bone, vol. 27, no. 3, pp. 343-349,
2000.

[9] C. H. Turner, “Bone strength: current concepts,” Annals of the
New York Academy of Sciences, vol. 1068, pp. 429-446, 2006.

[10] I. D. McCarthy, Z. Bloomer, A. Gall, R. Keen, and M. Ferguson-
Pell, “Changes in the structural and material properties of the
tibia in patients with spinal cord injury;” Spinal Cord, vol. 50,
no. 4, pp. 333-337, 2012.

[11] A. Zamarioli, R. A. Battaglino, L. R. Morse et al., “Standing
frame and electrical stimulation therapies partially preserve
bone strength in a rodent model of acute spinal cord injury;
The American Journal of Physical Medicine and Rehabilitation,
vol. 92, no. 5, pp. 402-410, 2013.

[12] S.-D. Jiang, L.-S. Jiang, and L.-Y. Dai, “Changes in bone
mass, bone structure, bone biomechanical properties, and bone
metabolism after spinal cord injury: a 6-month longitudinal
study in growing rats,” Calcified Tissue International, vol. 80, no.
3, pp. 167-175, 2007,



BioMed Research International

(13] S.-D. Jiang, L.-S. Jiang, and L.-Y. Dai, “Effects of spinal
cord injury on osteoblastogenesis, osteoclastogenesis and gene
expression profiling in osteoblasts in young rats,” Osteoporosis
International, vol. 18, no. 3, pp. 339-349, 2007.

[14] S. D. Jiang, C. Shen, L. S. Jiang, and L. Y. Dai, “Differences
of bone mass and bone structure in osteopenic rat models
caused by spinal cord injury and ovariectomy,” Osteoporosis
International, vol. 18, no. 6, pp. 743-750, 2007.

[15] J. Rittweger, V. L. Goosey-Tolfrey, G. Cointry, and J. L. Ferretti,
“Structural analysis of the human tibia in men with spinal cord
injury by tomographic (pQCT) serial scans,” Bone, vol. 47, no.
3, pp. 511-518, 2010.

[16] R. E Capozza, S. Feldman, P. Mortarino et al., “Structural
analysis of the human tibia by tomographic (pQCT) serial
scans,” Journal of Anatomy, vol. 216, no. 4, pp. 470-481, 2010.

[17] K. T.Ragnarsson and G. H. Sell, “Lower extremity fractures after
spinal cord injury: a retrospective study,” Archives of Physical
Medicine and Rehabilitation, vol. 62, no. 9, pp. 418-423, 1981.

[18] C. D. Byron, J. Borke, J. Yu, D. Pashley, C. J. Wingard, and
M. Hamrick, “Effects of increased muscle mass on mouse
sagittal suture morphology and mechanics,” Anatomical Record
A: Discoveries in Molecular, Cellular, and Evolutionary Biology,
vol. 279, no. 1, pp. 676-684, 2004.

[19] P. Arounleut, P. Bialek, L. Liang et al., “A myostatin inhibitor
(propeptide-Fc) increases muscle mass and muscle fiber size in
aged mice but does not increase bone density or bone strength,”
Experimental Gerontology, vol. 48, no. 9, pp. 898-904, 2013.

[20] E. D. de Bruin, P. Frey-Rindova, R. E. Herzog, V. Dietz, M. A.
Dambacher, and E. Stiissi, “Changes of tibia bone properties
after spinal cord injury: effects of early intervention,” Archives
of Physical Medicine and Rehabilitation, vol. 80, no. 2, pp. 214-
220,1999.

[21] Y. Dionyssiotis, G. P. Lyritis, A. E Mavrogenis, and P. J.
Papagelopoulos, “Factors influencing bone loss in paraplegia,”
Hippokratia, vol. 15, no. 1, pp. 54-59, 2011.

[22] S. Goemaere, M. Van Laere, P. De Neve, and J. M. Kaufman,
“Bone mineral status in paraplegic patients who do or do not
perform standing,” Osteoporosis International, vol. 4, no. 3, pp.
138-143, 1994.

[23] M. Bélanger, R. B. Stein, G. D. Wheeler, T. Gordon, and B.
Leduc, “Electrical stimulation: can it increase muscle strength
and reverse osteopenia in spinal cord injured individuals?”
Archives of Physical Medicine and Rehabilitation, vol. 81, no. 8,
pp. 1090-1098, 2000.

[24] S. Chen, C. Lai, W. P. Chan, M. Huang, H. Tsai, and J. J. Chen,
“Increases in bone mineral density after functional electrical
stimulation cycling exercises in spinal cord injured patients,”
Disability and Rehabilitation, vol. 27, no. 22, pp. 1337-1341, 2005.

[25] S.L.Groah, A. M. Lichy, A. V. Libin, and I. Ljungberg, “Intensive
electrical stimulation attenuates femoral bone loss in acute
spinal cord injury;” PM&R, vol. 2, no. 12, pp. 1080-1087, 2010.

[26] R. K. Shields and S. Dudley-Javoroski, “Musculoskeletal plas-
ticity after acute spinal cord injury: effects of long-term neuro-
muscular electrical stimulation training,” Journal of Neurophys-
iology, vol. 95, no. 4, pp. 2380-2390, 2006.

[27] A. Frotzler, S. Coupaud, C. Perret et al., “High-volume FES-

cycling partially reverses bone loss in people with chronic spinal

cord injury;’ Bone, vol. 43, no. 1, pp. 169-176, 2008.

J.J. Eng, S. M. Levins, A. E Townson, D. Mah-Jones, ]. Bremner,

and G. Huston, “Use of prolonged standing for individuals with

spinal cord injuries,” Physical Therapy, vol. 81, no. 8, pp. 1392

1399, 2001.

(28

(29]

(31]

(33]

(34]

P. Eser, A. Frotzler, Y. Zehnder, H. Schiessl, and ]. Denoth,
“Assessment of anthropometric, systemic, and lifestyle factors
influencing bone status in the legs of spinal cord injured
individuals,” Osteoporosis International, vol. 16, no. 1, pp. 26-34,
2005.

L. M. Giangregorio, C. E. Webber, S. M. Phillips et al., “Can
body weight supported treadmill training increase bone mass
and reverse muscle atrophy in individuals with chronic incom-
plete spinal cord injury?” Applied Physiology, Nutrition and
Metabolism, vol. 31, no. 3, pp. 283-291, 2006.

C. F. Kunkel, A. M. E. Scremin, B. Eisenberg, J. E Garcia, S.
Roberts, and S. Martinez, “Effect of “standing” on spasticity,
contracture, and osteoporosis in paralyzed males,” Archives of
Physical Medicine and Rehabilitation, vol. 74, no. 1, pp. 73-78,
1993.

R. T. Lauer, B. T. Smith, M. J. Mulcahey, R. R. Betz, and T. E.
Johnston, “Effects of cycling and/or electrical stimulation on
bone mineral density in children with spinal cord injury;” Spinal
Cord, vol. 49, no. 8, pp. 917-923, 2011.

P. J. Pacy, R. Hesp, D. A. Halliday, D. Katz, G. Cameron, and J.
Reeve, “Muscle and bone in paraplegic patients, and the effect
of functional electrical stimulation,” Clinical Science, vol. 75, no.
5, pp. 481-487,1988.

M. M. Rodgers, R. M. Glaser, S. F. Figoni et al., “Musculoskeletal
responses of spinal cord injured individuals to functional
neuromuscular stimulation-induced knee extension exercise
training,” Journal of Rehabilitation Research and Development,
vol. 28, no. 4, pp. 19-26, 1991.



