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A B S T R A C T

Background/Objective: The deleterious effects of chronic spinal cord injury (SCI) on the skeleton in rats, especially
the lower extremities, has been proved previously. However, the long-term skeletal changes after SCI in non-
human primates (NHP) have been scarcely studied. This study aimed to evaluate the bone loss in limbs and
vertebrae and the bone metabolic changes in NHP after unilateral cervical spinal cord contusion injury.
Methods: Twelve Macaca fascicularis were randomly divided into the SCI (n¼8) and the Sham (n¼4) groups. The
SCI models were established using hemi-contusion cervical spinal cord injury on fifth cervical vertebra (C5), and
were further evaluated by histological staining and neurophysiological monitoring. Changes of bone micro-
structures, bone biomechanics, and bone metabolism markers were assessed by micro-CT, micro-FEA and sero-
logical kit.
Results: The NHP hemi-contusion cervical SCI model led to consistent unilateral limb dysfunction and potential
plasticity in the face of loss of spinal cord. Furthermore, the cancellous bone mass of ipsilateral humerus and
radius decreased significantly compared to the contralateral side. The bone volume fraction of humerus and
radius were 17.2% and 20.1% on the ipsilateral while 29.0% and 30.1% on the contralateral respectively.
Similarly, the thickness of the cortical bone in the ipsilateral forelimbs was significantly decreased, as well as the
bone strength of the ipsilateral forelimbs. These changes were accompanied by diminished concentration of
osteocalcin and total procollagen type 1 N-terminal propeptide (t-P1NP) as well as increased level of β-C-terminal
cross-linking telopeptide of type 1collagen (β-CTX) in serological testing.
Conclusions: The present study demonstrated that hemi-SCI induced loss of bone mass and compromised
biomechanical performance in ipsilateral forelimbs, which could be indicated by both muscle atrophy and
serological changes of bone metabolism, and associated with a consistent loss of large-diameter cells of sensory
neurons in the dorsal root ganglia.
The Translational potential of this Article: Our study, for the first time, demonstrated the bone loss in limbs and
vertebrae as well as the bone metabolic changes in non-human primates after unilateral spinal cord injury (SCI).
This may help to elucidate the role of muscle atrophy, serological changes and loss of sensory neurons in the
mechanisms of SCI-induced osteoporosis, which would be definitely better compared with rodent models.
Introduction

As one of the most common and debilitating conditions that has been
observed in almost every patient with spinal cord injury (SCI), osteopo-
rosis is characterized by low bone mass and deterioration of
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microarchitectures, resulting in increased bone fragility and suscepti-
bility to fractures [1]. Different from postmenopausal osteoporosis which
favors fractures in the vertebrae, hip, and wrist bones [2], osteoporosis
induced by SCI exhibits a unique rate of distribution and resistance to
currently available treatments [1]. After SCI, significant bone loss was
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usually observed in sublesional long bones, in which areas around
trabecular epiphyseal and metaphyseal sections of the distal femur and
proximal tibia were affected maximally [3]. Clinical studies have proved
a high prevalence of lower extremity fractures ranging from 1 to 34%
among individuals with SCI [4], while no demineralization in the spine
and supralesional areas has been noticed [5].

One of the major factors in the pathogenesis of SCI-induced osteo-
porosis is mechanical unloading based on the loss of motor function [3].
The sublesional muscle atrophy and loss of contractions may weaken the
loading forces, resulting in the deterioration of bone geometry and
structures [6]. Meanwhile, denervation may also play a key role in the
situation. The loss of positive neural innervation to the sublesional
skeleton may primarily contribute to the rapidity and magnitude of bone
loss after SCI. Other possible mediating factors may include metabolic,
endocrine, and vascular changes [5]. Although cervical SCI is the most
common type of traumatic SCI clinically [7], the majority of previous
laboratory research employs paraplegic rodent models for thoracic cord
injury [8] and focus on the changes of sublesional long bones [9].
Non-human primates (NHP) models, which demonstrate high genetic,
biological, and physiological similarities with humans, would definitely
be better in the study of SCI-induced osteoporosis compared with rodent
models.

In order to characterize the microstructures and biomechanical
properties of upper limb long bones as well as vertebrae after cervical
hemi-SCI, the present study managed to establish a unilateral cervical
cord contusion model using Macaca fascicularis. The microstructures of
humerus, radius, and the 4th lumbar vertebrae as well as the biome-
chanical properties, serological bone turnover markers, were all
compared and analyzed.

Methods

Hemi-contusion surgical procedure

A total of 12 adult male M. fascicularis with a mean age of 7.5 � 1.6
years (provided by Guangdong Landau Biotechnology Co. Ltd) were
randomly divided into two groups: the Sham group (n ¼ 4) and the SCI
group (n ¼ 8). The SCI group received hemi-contusion cervical cord
injury and was observed for 6 months (n ¼ 4) and 12 months (n ¼ 4)
respectively, while the Sham group was observed for a total of 12
months.

The cervical cord injury procedure was conducted according to pre-
vious studies [10–12] and consistent with our published research [13]. A
laminectomy was performed to expose the C5 spinal cord, and the
vertebral column was secured with a self-designed clamp to the C4–C6
site. A impactor tip with a diameter of 4 mm was initially lowered to
contact the dura with a contact force of 0.2 N. Then the impactor tip was
driven by a servo-electromagnetic material testing machine (E1000
Electro PlusTM; Instron Inc., MA) into the left side of the C5 spinal cord at
a speed of 800 mm/s and a displacement of 4.0–4.5 mm. During the
surgery, body temperature, heart rate, respiration rate and indirect blood
pressure were monitored closely.

All animal procedures were approved by the Committee on the Ethics
of Animal Experiments of our institute and conducted in accordance with
the guidelines for the care of laboratory animals.

Electrophysiological assessment

The motor evoked potential (MEPs) and somatosensory evoked po-
tential (SSEPs) signals of theM. fascicularis were collected 20weeks post-
SCI and compared between the Sham and SCI groups using a 16-channel
neuromonitoring system (YRKJ-G2008; Zhuhai, China). The animals
were firstly anesthetized with ketamine (5–10 mg/kg) intramuscular
injection and then anesthetized with sodium pentobarbital (10 mg/kg)
administered intravenously. The core temperature was maintained at
37.5 �C using a homeothermic blanket. The scalp was shaved and
114
disinfected with 70% alcohol.
During the electrophysiological recording, needle electrodes were

inserted into the thenar muscle of the forelimbs. The stimulus intensity of
30–50 mA that elicited a motor evoked potential (MEP) with a pulse
width of 1 msec at a frequency of 300 Hz was established. The peak-to-
peak amplitudes of MEPs from three stimulations were recorded to
assess the intra-animal variability and reproducibility. The SSEPs were
evoked continuously by sensory stimulation delivered via two needle
electrodes inserted into the forelimbs bilaterally adjacent to the median
nerve. In addition, a reference electrode was placed subcutaneously over
the skull at the central midline and at frontal midline. Constant current
pulses (5–10 mA, 0.20 ms) were delivered at a frequency of 5.3 Hz to
obtained the SSEPs signals. Finally, the 300 responses of SSEPs were
averaged for each trial to obtain an optimal signal-to-noise ratio for the
SSEP signals.

Hematoxylin-eosin (HE) Staining of Spinal Cord

Before decapitation, M. fascicularis were anesthetized with sodium
pentobarbital and perfused transcardially with 0.1 M phosphate-buffered
saline (PBS) followed by ice-cold 4% paraformaldehyde. Subsequently,
the spinal cord was collected, fixed overnight in 4% paraformaldehyde,
and cryoprotected in graded series of sucrose. Then, the tissue was
sectioned into 20-μm-thick slices using a microtome cryostat (Leica,
Germany) in the cross-section plane, follows by HE staining for
examination.

Bone length and dry weight of muscles

The bone length of the ulna, radius, and humerus between the groups
were measured using a Vernier calipers (precision of 0.01 mm).

In order to compare the difference of muscle mass in the forelimbs
after spinal cord injury, the tissue was dried in an incubator under 55 �C
for 24 h and the weight of forearm muscles including the musculi pal-
maris longus (MPL), the brachioradialis (BR), the pronator teres (PT),
and the flexor carpi radialis (FCR) were measured using CS 200 weighing
balance (Ohaus, Pine Brook, NJ, USA).

Micro-CT analysis

The long bones of upper limbs including the humerus and radius were
dissected carefully and fixed in 4% paraformaldehyde for 48 h. The
specimens were attached to a small cystosepiment and kept straight in
the micro-CT tube. A high-resolution micro-CT system (μCT 80, Scanco
Medical, AG, Switzerland) was used to scan the proximal humerus, the
mid-shaft humerus, the distal radius, and the fourth lumbar vertebrae
(L4) with an isotropic voxel size of 36 μm (55 kv, 145 μA, integration
time 300 ms, averaged two times). Cancellous bone, including the
proximal humerus, the distal radius and the fourth lumbar vertebrae
(L4), with cortical bone, including the mid-shaft humerus and the distal
radius, were selected for bone microarchitecture analysis. The meta-
physeal region of the proximal humerus and distal radius within a rect-
angular area 2 mm distal from the central point of the growth
plate–metaphyseal junction, as well as the whole 4th vertebrae were
possessed for both cancellous and cortical bone evaluation.

Parameters including bone volume/tissue volume (BV/TV), trabec-
ular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), connectivity density (Conn.D), and bone mineral density (BMD)
were used to evaluate cancellous bone, while total cross-sectional area
inside the periosteal envelope (Tarea), bone area (Barea), and bone
thickness (Ct.Th) were applied for cortical bone assessment. All these
data were collected using the software provided by the manufacturer.

Micro-finite element (micro-FE) evaluation

To evaluate the biomechanical properties of the proximal humerus
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and distal radius (including both cancellous and cortical bone), the
compressive test was performed using micro-FE analysis software
(Scanco Medical AG, version 1.13) based on the reconstructed structure
using three-dimensional micro-CT images as described previously [14].
Briefly, the bone tissue was modeled as an isotropic and linear elastic
material with a Poisson's ratio of ν ¼ 0.3 and Young's modulus of mate-
rial ¼ 10,000 MPa. The simulation yielded compressive stiffness and
failure load of bones.
Serological measurement

After anesthesia, 10 mL venous blood were obtained from each sub-
ject. The blood samples were left at room temperature for 2 h and then
centrifuged at 3000 rpm for 20 min to acquire the serum samples. The
serological calcium, phosphorus, and Vitamin D concentrations, as well
as the levels of specific markers of bone turnover, including bone-specific
alkaline phosphatase (ALP), osteocalcin (OCN), total N-terminal pro-
peptide of type I procollagen (t-P1NP), and C-telopeptide fragments of
collagen type I a1 chains (β-CTX), were measured using the kits (Beck-
man Coulter, Suzhou, China) according to the manufacturer's protocols.
Statistical analysis

Statistical analysis was performed using the SPSS v.20 software (SPSS
Inc., IL, USA), and all data are expressed as means � standard deviation.
The data within the groups were compared using paired-samples t-test,
while the data between the groups were compared using independent-
samples t-test. P < 0.05 was considered statistically significant for all
tests.

Results

Successful establishment of the hemi-contusion SCI model

The ipsilateral spinal cord was severely damaged with loss of the
ventral horns of gray matter and lateral funiculus of the white matter at
the epicenter of the striking point (Fig. 1A). Moreover, the
Fig. 1. Successful established the hemi-contusion SCI Model in NHP. A The HE staini
cord at the epicenter of ipsilateral was severe damage after SCI, with loss of the ve
physiological monitoring after 6 months injury. The ipsilateral MEPs and SEPs were
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electrophysiological monitoring altered significantly after SCI, wherein
the ipsilateral MEPs and SEPs showed latency prolongation and ampli-
tude reduction (Fig. 1B). The histological and electrophysiological
changes designated the successful establishment of the unilateral cervical
spinal cord contusion model in M. fascicularis.
Changes in bone length and atrophy of muscles after SCI

The length of the ulna, radius, and humerus did not show any dif-
ference between the ipsilateral and contralateral sides or between groups
(Table 1). However, a rapid and dramatic loss of muscle mass was
observed in the forelimb on the ipsilateral side as compared to the
contralateral side after SCI (Fig. 2). The dry weight of the MPL, FCR, PT,
and BR decreased by 36.8%, 39.8%, 52.3%, and 32.4% respectively
compared with the uninjured side in the SCI group. When compared to
the sham group, the dry weight of MPL, FCR and PT was significantly
reduced in the ipsilateral side after SCI (sham vs. SCI: 0.73 � 0.15 vs.
0.35� 0.11 g, P¼ 0.0062; 1.70� 0.3 vs. 0.67� 0.41 g, P¼ 0.0079; 1.80
� 0.36 vs. 0.73� 0.47 g, P¼ 0.0114, respectively). The dry weight of the
BR did not show any difference between the two groups.
Bone micro-architectural impairment in the forelimbs after SCI

At the growth plate–metaphyseal junction of the proximal humerus
and distal radius, the bone mass reduced on the ipsilateral side after SCI.
The BMD of the proximal humerus and distal radius decreased by 43.9%
and 38.0% in the ipsilateral side than that in the contralateral side. The
ipsilateral proximal humerus showed lower BV/TV (p ¼ 0.002), Tb.N (p
¼ 0.007), and Tb.Th (p ¼ 0.035) and higher Tb. Sp (p ¼ 0.055) in the
ipsilateral side than that in the contralateral side (Fig. 3). Similarly, SCI
significantly decreased BV/TV (p < 0.001), Tb.N (p ¼ 0.001), and Tb.Th
(p ¼ 0.004) and increased Tb. Sp (p ¼ 0.001) in the ipsilateral distal
radius when compared to that on the contralateral side (Fig. 4). Inter-
estingly, among all the cancellous bone parameters, only BV/TV of the
distal radius demonstrated significant difference (p¼ 0.042) between the
sham and SCI groups on the ipsilateral side, no other significance was
found between two groups. In addition, for vertebral cancellous bone, the
ng of spinal cord tissue in the transverse section after 6 months injury. The spinal
ntral horns of gray matter and lateral funiculus of white matter. B The electro-
showed latency prolongation and amplitude reduction after SCI.



Table 1
The bone length of humerus, radius and ulna after SCI.

Humerus Radius Ulna

Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

Sham 141.0 � 11.1 140.9 � 11.5 141.8 � 11.4 141.5 � 11.4 160.7 � 12.4 159.7 � 11.5
SCI 135.5 � 6.3 137.4 � 5.8 136.2 � 4.0 135.7 � 4.3 152.6 � 3.7 152.7 � 4.8

Note: Data are expressed as means � SD (n ¼ 4 in the sham group and n ¼ 8 in the SCI group)

Fig. 2. Atrophy of muscles in forelimb after
SCI. A-D The musculi palmaris longus (MPL),
flexor carpi radialis (FCR), pronator teres
(PT) and brachioradialis (BR) were marked
atrophy between ipsilateral and contralateral
sides after SCI. E-F The dry weight of MPL,
FCR, PT and BR between ipsilateral and
contralateral sides or control and SCI groups
after injury. *P < 0.05 between the ipsilat-
eral side and contralateral side, #P < 0.05
between the control group and SCI group
(control, n ¼ 4; SCI, n ¼ 8)

Fig. 3. The bone microstructure change of cancellous bone in the proximal humerus. A The 3D images of transverse section and the 2D images of transverse and
sagittal sections. B The trabecula parameters of cancellous bone. *P < 0.05 between the ipsilateral side and contralateral side (control, n ¼ 4; SCI, n ¼ 8)
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BMD between SCI and sham groups was 207.2 mg HA/ccm and 233.9 mg
HA/ccm, and the BV/TV was 29.8% and 35.9% respectively. Although
the SCI group somehow showed compromised trabecular structure than
the sham group, no difference was observed in all the cancellous pa-
rameters between two groups (p > 0.05) (Fig. 5).

The cortical bone was also affected. The cortical thickness on the
116
ipsilateral side of SCI was slimmer than that of the contralateral side. In
the mid-shaft humerus, Barea, Tarea, and Ct. Th decreased by 9.5%,
3.1%, and 21.1% respectively on the ipsilateral side in the SCI group,
which showed remarkable difference compared to the contralateral side
(Fig. 6). The distal radius also showed dramatically decrease in Barea (p
¼ 0.022), Tarea (p¼ 0.009), and Ct. Th (p¼ 0.001) in the ipsilateral side



Fig. 4. The bone microstructure change of cancellous bone in the distal radius. A The 3D images of transverse section and the 2D images of transverse and sagittal
sections. B The trabecula parameters of cancellous bone. *P < 0.05 between the ipsilateral side and contralateral side, #P < 0.05 between the control group and SCI
group (control, n ¼ 4; SCI, n ¼ 8)
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after SCI. When compared to the sham group, the Tarea of the radius
decreased significantly after SCI in both sides (sham vs. SCI: 32.7 vs. 24.6
mm2 and 33.9vs. 27.2 mm2, respectively). Also, the Ct. Th in the ipsi-
lateral radius was thinner (p ¼ 0.03) in the SCI group than that in the
sham group (Fig. 7).
Bone biomechanics weakened in forelimbs after SCI

The biomechanical properties of the proximal humerus and distal
radius were significantly weakened by spinal cord contusion. In the SCI
group, the stiffness of the humerus and radius decreased by 28.9% and
36.6% in the ipsilateral side when compared to the contralateral side,
and the failure load reduced by 27.2% and 40.2% respectively. Similarly,
the stiffness and failure load of humerus and radius reduced significantly
in the ipsilateral side in the SCI group as compared to that in the sham
group (p < 0.05). However, the stiffness and failure load of L4 vertebrae
did not show any distinction between the groups (sham vs. SCI: 41.2 �
9.2 � 104 N/m vs. 32.7 � 1.5 � 104 N/m and 2.2 � 0.7 � 102 vs. 2.0 �
0.2 � 102 N/m, respectively) (Table 2).
Serological biomarker outcomes

The serological levels of calcium, phosphorus, and Vitamin D were
2.22 and 2.34 mmol/L, 1.04 and 1.75 mmol/L, and 122.3 and 118.0 ng/
mL in the sham and SCI groups respectively, no significant differences
were found between groups (p > 0.05) (Table 3). After SCI, the sero-
logical levels of ALP and β-CTX increased by 15.9% and 12.5%, while
those of OCN and t-P1NP decreased by 34.1% and 48.6%, respectively.
However, the bone turnover markers did not show any statistical dif-
ference between two groups either (p > 0.05) (Table 3).
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Discussion

Bone loss or osteoporosis is one of the most common and debilitating
conditions after SCI, which may greatly increase the risk of fractures
[15]. In the present study, we managed to establish a hemi-contusion
cervical SCI model using NHP (M. fascicularis), after which the bone
microstructures and biomechanics on both the ipsilateral and contralat-
eral sides of SCI in forelimbs were comprehensively analyzed. The bone
length, muscle mass and serological bone turnover biomarkers were also
monitored and compared. In this model, we confirmed that the
hemi-contusion SCI decreased the bone mass and weakened the biome-
chanical properties in the ipsilateral humerus and radius, it also attenu-
ated cortical bone thickness and lead to sparse trabeculae structures. In
addition, on the ipsilateral side of the spinal contusion, the muscles of the
upper extremities exhibited significant atrophy, the bone formation
markers decreased while the absorption markers increased compared
with the contralateral side.

Previous studies on bone loss after SCI primarily focused on thoracic
cord injury of rodent, which was usually symmetrical [16,17]. This study,
for the first time, evaluated and compared the alterations in the bone
microstructures between ipsilateral and contralateral sides after unilat-
eral cervical SCI in NHPs, the bone biomechanical properties muscle
atrophy as well as the serological bone turnover markers were also
analyzed.

The cervical SCI is common in clinic, while cntusion SCI model has
been considered clinically relevant since contusion models appear to
replicate the mechanism of the majority of human SCIs. Hemi-contusion
SCI model reduces the mortality and complications of the experimental
animals as the contralateral function is largely preserved and served as an
internal control. On the other hand, Our understanding about pathology
and therapeutic effects of SCI mostly came from rodents, which is limited



Fig. 5. The bone microstructure change of cancellous bone in L4.
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when extrapolated to clinic, even to NHP. There are significant difference
in specific motor tasks or anatomical and functional organization of the
sensorimotor systems between rodents and primates . Therefore, it is
worthy to verify the SCI pathology using NHP. A unilateral cervical spinal
cord contusion injury model in NHPs (Macaca mulatta) has been estab-
lished recently [11,13]. The spinal cord and central nervous system in
NHP closely resemble humans, especially in consideration of the fore-
limb/hand function after cervical injuries [11]. Due to distinct differ-
ences between rodent and primate spinal cord systems in size, anatomy,
inflammatory, previous studies identified the major differences between
rodents and NHP with respect to corticospinal tract function and plas-
ticity after injury using an NHP cervical spinal cord hemi-section model
[18]. Salegio et al. successfully established a unilateral cervical spinal
cord contusion injury model in NHPs, a large lesion in the ipsilateral
spinal cord that affected both white matter and gray matter areas were
found during the research [11]. Meanwhile, electrophysiological nerve
evaluations, including MEPs and SEPs, have been widely used to assess
the neurological function in SCI models [19,20]. Our previous study also
monitored longitudinal electrophysiological changes after
hemi-contusion cervical SCI in rats and found latency prolongation and
amplitude reduction in the MEPs and SEPs of ipsilateral forelimbs after
injury [21]. The present study is based on the previous research [13], the
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spinal cord lesions were observed in the ipsilateral epicenter after
operation, latency prolongation and amplitude reduction of MEPs and
SEPs were also in concordance with our previous research, and the results
of the behavioral scoring, MRI, hematoxylin and eosin (H&E) staining,
thus the successful establishment of the hemi-contusion cervical SCI
model was confirmed.

According to previous research, SCI is usually associated with sub-
lesional muscle atrophy [22] as well as transformation in the type of
muscle fibers [23] in addition to electrophysiological changes. In a ro-
dent spinal cord transection model, a 20–40% decrease was observed in
the extensor muscles of the hind-limb, which also demonstrated a ten-
dency to return to the control level after 30–60 days [24]. While another
research revealed that spinal cord contusion in rats may result in a
maximal 25% decrease in muscle weight after 1 week, which could not
normalize even after 10 weeks [25]. Interestingly, after SCI, humans also
exhibited significant muscle atrophy similar to animals. Shah et al. [26]
demonstrated that individuals with incomplete SCI (5–37 months after
injury) undergo marked atrophy of all the affected lower extremity
muscles with 24% (tibialis anterior) to 31% (quadriceps femoris)
decrease in cross-sectional area (CSA) of affected muscles. While Gorgey
AS [22] reported that following 6 weeks of incomplete SCI, thigh CSA
was observed to be 33% smaller compared to healthy controls. In the



Fig. 6. The bone microstructure change of cortical bone in the mid-shaft humerus. A The 3D images of transverse section and the 2D images of sagittal section. B The
parameters of cortical bone. *P < 0.05 between the ipsilateral side and contralateral side (control, n ¼ 4; SCI, n ¼ 8)

X. Wu et al. Journal of Orthopaedic Translation 29 (2021) 113–122
present study, after hemi-contusion cervical SCI in the NHPs, we found
that all the affected forelimb muscles, including the MPL, FCR, PT, and
BR on the contusion side were decreased by 36.8%, 39.8%, 52.3%, and
32.4% respectively as compared to the contralateral side. Our results
were similar to but inconsistent with previous studies. We found that the
weight of the forelimbmuscles on the uninjured side in the SCI group was
similar to that of the Sham group, indicating unilateral SCI may only
result in unilateral muscle atrophy, which has been scarcely reported in
previous researches.

An altered musculoskeletal system can be correlated directly to motor
dysfunctions after SCI. Lin et al. [27] found that the average CSA of
myofiber in the hindlimbs was associated with the level of locomotor
activity. In motor complete SCI, the long bones of the lower extremities
adapt to minimal mechanical strain via atrophy, osteoporosis is thus an
inevitable complication, occurring predominantly in the pelvis and the
lower extremities [28]. The pathogenesis of osteoporosis after SCI is
generally considered to be disuse and immobilization [29], which may
lead to muscle atrophy together with long-term denervation [30]. The
decline in bone mineral density and bone mineral content have been
documented in both acute and chronic SCI patients [31,32]. It may occur
rapidly in the acute phase after injury and continue to decline until 2–3
years post-injury [33]. More importantly, in addition to sympathetic
neural fibers [22], functional noradrenaline and various neuropeptide
receptors have also been identified in bone cells [34,35], thus previous
studies suggested that bone remodeling could also be regulated by
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nerve-derived signals, indicating sympathetic innervation might play a
major role in bone function [36,37]. In our research, after
hemi-contusion SCI, the muscles of forelimb exhibited marked atrophy,
the bone mass of the humerus and radius decreased by 40.8% and 33.3%
in the ipsilateral side compared to the contralateral side in the SCI group.
Though without significance, the L4 vertebra also decreased by 16.9%.
These results were consistent with the previous study that the bone mass
of the sublesional extremities was reduced by 19–65% after thoracic
spinal cord injury [17]. Clinically, in paralytic patients after SCI, frac-
tures mainly occur in the lower extremities but not the spine, patients
with incomplete lesions usually have the same bone mineral density
(BMD) as uninjured persons in vertebrae [32], which may help explain
the unchanged vertebra in our study.

Factors that contribute to SCI-induced bone loss may also include
metabolic changes in addition to unloading and immobilization. During
the early stage of SCI, skeletal changes result from a marked enhance-
ment of bone resorption coupled with a lack of bone anabolic activity, as
was evident by altered circulating markers of bone metabolism [28,37].
N-terminal propeptide of type I procollagen (PINP) and C-telopeptide of
type I collagen (CTX) are typical markers of bone formation and
resorption [38]. The largest bone turnover marker study showed a cor-
relation between the serum levels of PINP and histomorphometric esti-
mation of the bone formation and between CTX-I and bone resorption
[39]. In the present study, the serological β-CTX level increased by 12.5%
while the t-P1NP decreased by 48.6% after SCI, which proved that spinal



Fig. 7. The bone microstructure change of cortical bone in the distal radius.

Table 2
The biomechanical properties of humerus, radius and vertebrae measured by
micro-FE.

Stiffness ( � 103 N/mm) Failure load ( � 102 N)

Sham SCI Sham SCI

Humerus Ipsilateral 210.6 �
45.8

134.3 �
26.9*#

34.5 �
5.9

24.0 �
4.1*#

contralateral 214.3 �
43.2

188.5 �
20.4

35.4 �
5.7

31.7 � 3.0

Radius Ipsilateral 116.8 �
21.9

86.9� 32.4* 19.6 �
3.5

10.1 �
3.5*#

contralateral 126.6 �
26.2

133.0 �
30.4

21.3 �
4.2

16.7 � 3.8

Vertebrae 41.2 � 9.2 32.7 � 1.5 2.2 �
0.7

2.0 � 0.2

Note: Data are expressed as means � SD. *P < 0.05 between ipsilateral and
contralateral sides in the SCI group; #P< 0.05 between the sham and SCI groups
in the ipsilateral side (n¼ 4 and n¼ 8 in the humerus and radius in the sham and
SCI groups; n ¼ 4 in the vertebrae in the sham and SCI groups)

Table 3
The Calcium, Phosphorus and Vitamin D, and the biomarkers of bone metabolic in se

Calcium （mmol/L） Phosphorus （mmol/L） Vitamin D (ng

Sham 2.2 � 0.1 1.0 � 0.1 122.3 � 16.1
SCI 2.3 � 0.1 1.7 � 0.2 118.0 � 18.5

Note: Data are expressed as means � SD (n ¼ 4 in the sham and SCI groups)
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contusion probably switched bone metabolism from osteogenesis to
osteoclasia. Moreover, osteoblasts express the maximal concentration of
collagen during the proliferative phase: bone alkaline phosphatase
(BALP) during matrix maturation and osteocalcin (OCN) during miner-
alization [40]. The serological OCN in our study reduced by 34.1% after
SCI, which was consistent with the research by Lin et al. [17] that the
serum concentration of OCN decreased dramatically after SCI in rats.
However, Sabour et al. [41] found that there is no significant correlation
between BALP and BMD at the chronic stage of SCI, which might be
attributed to the plateau stage achieved in the bone formation process.
Furthermore, the concentration of BALP in this study increased slightly
after SCI. Researchers believed that imbalance between bone resorption
and repair below the lesion might be due to low blood perfusion, venous
stasis, and tissue acidosis [42], whose underlying mechanism needs
further investigation. While in our study, although the bone turnover
markers exhibited bone metabolic change from anabolism to catabolism,
no significant difference was found between the sham and SCI groups,
which may result from the increased false-negative rates owing to the
limited number of M. fascicularis.
rum between sham and SCI groups.

/ml) ALP (mmol/L) OCN (U/L) t-P1NP (U/L) β-CTX (U/L)

140.7 � 40.3 11.5 � 0.7 821.7 � 380.6 1.0 � 0.3
163.0 � 56.7 7.6 � 2.0 422.1 � 151.1 1.3 � 0.2
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Another factor that induced bone loss after SCI could be sensory
denervation. Chen et al. [43] demonstrated that knockout of the EP4
gene in the sensory nerves significantly reduces the number of osteo-
calcin positive osteoblasts as well as serum level of osteocalcin, whereas
the number of tartaric acidic phosphatase (TRAP) positive osteoclasts
and the level of osteoclast bone resorption marker carboxy-terminal
collagen crosslinks did not change significantly. They also found that
bone loss was more severe in 12-week-old TrkAAvil�/� mice than that
in the wildtype littermates through μCT analysis. Furthermore, in our
previous study [13], we found that there was no ipsi-contra difference in
size frequency distributions of neurons from 48 wpi monkeys, but a clear
rightward shift in injured monkeys compared with uninjured controls
neuronal vacuolation, and neuronophagy were goning after
hemi-contusion. In the present study, we also found that loss of bone
mass on the ipsilateral side could be induced by hemi-SCI. Therefore, the
results suggested that sensory denervation reduces osteoblastic bone
formation may also play a role in SCI-induced bone loss.

Although whether the bone mass predicts bone strength is yet
controversial, the results of both the actual biomechanical tests and the
micro-FE analysis revealed a similar biochemical quality of the bone
[44]. Our study carried out a simulated compressive test using micro-FE
to evaluate the biomechanical properties of the bone, in which we found
the loss of trabecular bone and deterioration of bone structure led to
diminished stiffness (28.9% and 36.6%) and failure load (27.2% and
40.2%) in the humerus and radius on the ipsilateral side compared to the
contralateral side after SCI, indicating a potentially higher rate of frac-
tures on the upper extremities of injured side after hemi-cervical cord
injury.

Several limitations of the study should also be mentioned. First, only
12 M. fascicularis were available in this study, the limited number of
samples would cause a bias. Second, the present study only assessed the
changes of bone mass in the forelimbs and vertebrae, the lower ex-
tremities should also be included to identify the effects of SCI on the
entire skeleton. Moreover, histological staining of bone metabolism was
not tested as specific monkey-related reagents was not available to us.

In conclusion, this comprehensive study demonstrated that hemi-
cervical cord injury had deleterious effects on the ipsilateral of fore-
limbs, it may lead to deterioration of bone microstructure, reduction of
bone mineral density, and weakness of bone mechanical properties.
These changes were accompanied by muscle atrophy, sensory denerva-
tion and possibility of bone metabolism change from osteogenesis to
bone resorption, but the mechanism is still unclear. Subsequent research
should further extend, in particular, the relationship between nerves and
osteoporosis.
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A The 3D images of transverse section and the 2D images of trans-
verse and sagittal sections. B The trabecula parameters of cancellous
bone (control, n ¼ 4; SCI, n ¼ 4).

A The 3D images of transverse section and the 2D images of sagittal
section. B The parameters of cortical bone. *P < 0.05 between the ipsi-
lateral side and contralateral side (control, n ¼ 4; SCI, n ¼ 8).
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