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Abstract: Non-human primates are most suitable for generating cervical experimental models, and it is necessary
to study the anatomy of the cervical spine in non-human primates when generating the models. The purpose of
this study was to provide the anatomical parameters of the cervical spine and spinal cord in long-tailed macaques
(Macaca fascicularis) as a basis for cervical spine-related experimental studies. Cervical spine specimens from 8
male adult subjects were scanned by micro-computed tomography, and an additional 10 live male subjects were
scanned by magnetic resonance imaging. The measurements and parameters from them were compared to those
of 12 male adult human subjects. Additionally, 10 live male subjects were scanned by magnetic resonance imaging,
and the width and depth of the spinal cord and spinal canal and the thickness of the anterior and posterior
cerebrospinal fluid were measured and compared to the relevant parameters of 10 male adult human subjects.
The tendency of cervical parameters to change with segmental changes was similar between species. The vertebral
body, spinal canal, and spinal cord were significantly flatter in the human subjects than in the long-tailed macaques.
The cerebrospinal fluid space in the long-tailed macaques was smaller than that in the human subjects. The
anatomical features of the cervical vertebrae of long-tailed macaques provide a reference for establishing a
preclinical model of cervical spinal cord injury.
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Introduction

Rodent are the most widely used animal in experimen-
tal research [1-4], though some research involves the
use of calves, deer, and pigs, which are considered large
animal models [5-7]. However, some differences may
exist in the spine structure that could limit the application
of the aforementioned animals as biomechanical models
or spinal cord injury models. For example, the growth
direction of the spine in the aforementioned animals is
not consistent with that in human subjects, indicating
that the biomechanical structures might be different be-
tween tetrapods and human subjects. In addition, differ-

ences in neuroanatomical functions and repair mecha-
nisms after nerve injury further limit their applications.
It is well known that non-human primates are phyloge-
netically close to human subjects, so the results obtained
from them are more instructive for preclinical studies
than those in other experimental animals.

At present, non-human primates are increasingly being
used in such fields as: viral hepatitis [8]; HIV/AIDS [9];
nervous system diseases, such as Alzheimer’s disease
(AD) [10]; spinal cord injury (SCI) [11, 12]; disorders
related to social and psychological processes, such as
anxiety [13] and depression [14]; cardiovascular dis-
eases [15]; metabolic diseases, such as obesity [16] and
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MORPHOLOGY OF THE CERVICAL SPINE

metabolic syndrome [17]; and respiratory diseases [18].
Therefore, it is necessary to understand the similarities
and differences in functional and anatomical character-
istics between non-human primates and human subjects.
Furthermore, SCI often leads to permanent dysfunction,
and the SCI model is of great significance for the study
of this disease.

Previous studies had been conducted to measure pa-
rameters of the spine in mammals, and the anatomy of
the baboon has been directly used to compare with the
related structures in human subjects [19]. Some com-
parative anatomical analyses of cervical vertebrae be-
tween human subjects and non-human primates have
also been conducted [20-24]. For example, Manfreda et
al. [24] used geometric morphometry to study the rela-
tionship between the morphology of the atlas and the
movement pattern of primates and indicated that the
human atlas morphology may be a unique adaption. Nal-
ley et al. [21] assessed the morphology of the upper
cervical vertebrae of primates and identified a significant
association between the head and neck posture and the
morphology of the cervical spine. Meyer et al. [23]
evaluated the uncinate processes of existing primates to
construct a cervical kinematics model of early fossil
hominins. Nakatsukasa ef al. [22] demonstrated that the
bipedal movement of macaques after training is incon-
sistent with that of human subjects, which may be the
result of a genetic limitation. For the nervous system,
Thomas et al. [20] measured the distances between nerve
root attachment points in rhesus macaques, long-tailed
macaques, and baboons, including anterior and poste-
rior distances and the distance between segments, and
indicated that the difference in individual segment vol-
umes between rhesus and long-tailed macaques (Ma-
caca mulatta and M. fascicularis) was small but that the
difference between the baboon and the other two species
was large. These studies focused on the functional mor-
phology of the cervical spine in terms of evolutionary
biology. However, the anatomy of the cervical spine and
spinal cord related to the SCI model in non-human pri-
mates remains unclear.

Some anatomical parameters, like disc height and
axial area, have been used to estimate the anatomical
performance of detached spinal segments [4, 25]. This
research showed that these parameters can be applied to
assess the anatomy of the cervical spine of non-human
primates, such as long-tailed macaques, rhesus ma-
caques, and baboons, and compare them to related struc-
tural parameters in human subjects.

The objective of this study was to provide a basis for
establishing a preclinical experimental model related to
cervical experiments by comparing the relevant morphol-

ogy of human subjects and long-tailed macaques (Ma-
caca fascicularis) in various segments of the vertebrae
and spinal cord. In the present study, we analyzed the
anatomical features of the cervical spine and cervical
spinal cord of the two species by measuring the relevant
parameters of cervical vertebrae and spinal cord in com-
puted tomography (CT; cadaver specimens) and mag-
netic resonance imaging (MRI; live subjects), respec-
tively.

Materials and Methods

Animals and human subjects

Eight cervical long-tailed macaque cadaver and 10
live subjects of long-tailed macaques with a mean age
of 8.2 years supplied by Landau Biotechnology Co., Ltd.,
were used in the present study. All procedures were con-
ducted in accordance with the Guide for the Care and
Use of Laboratory Animals (Institute of Laboratory
Animal Resources, National Research Council, USA,
2011) and approved by the Institutional Animal Care
And Use Committee (IACUC) of Guangdong Landau
Biotechnology Co., Ltd., (Resolution No. LD-
ZA-2016-01). The human subjects in the present study
comprised a total of 22 normal males (12 for CT mea-
surement and 10 for MRI measurement) with an average
age of 29.1 + 4.2 years. The Ethics Committee of Nan-
fang Hospital, Southern Medical University, reviewed
and approved the study, and the need for written consent
from the participants was waived due to the retrospective
design of the study.

CT and MRI scans

The C2 to C7 vertebrae were harvested from each
long-tailed macaque cadaver. High-resolution images
were acquired using a Micro-CT scanner (uCT 80,
Scanco Medical, Briittisellen, Switzerland). A slice in-
crement of 20 xm and a 20.5 cm axial field of view were
used to acquire the DICOM images of cadaver speci-
mens. The live subjects were scanned in the prone posi-
tion in a 3T MRI scanner (Verio, Siemens AG, Munich,
Germany) to obtain sagittal and axial T1-weighted and
T2-weighted sequences. Before scanning, the animals
were first anesthetized by intramuscular injection of
ketamine (5—10 mg/kg) and then anesthetized by intra-
venous injection of sodium pentobarbital (6—8 mg/kg).
In addition, atropine (0.05 mg/kg) was used to inhibit
saliva and bronchial secretion in animals. DICOM im-
ages were obtained with a 210 x 210 mm axial field of
view.

Scanning was performed on 22 normal male subjects
with an average age of 30.7 + 4.4 years in Nanfang Hos-
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pital. CT measurements were obtained from 12 subjects
(28.5 + 3.4 years), while the MRI measurements were
obtained from 10 subjects (33.3 + 4.2 years). The CT
scans were performed with a CT scanner (Philips Bril-
liance 16 CT, Philips Medical Systems, Eindhoven,
Netherlands) with a slice thickness of 1 mm, pitch of 0.7
mm, 120 kV, 180 mA, and 512 X 512 matrix. The MR
images were obtained with a 3T MRI scanner (GE Sig-
na Excite) with a slice thickness of 4 mm, repetition time
(TR)/echo time (TE) of 2,400/121 ms, field of view of
240 x 240 mm, and 512 X 512 matrix.

Parameter collection and calculation

One observer used the RadiAnt DICOM VIEWER
(Medixant, Poznan, Poland) and the other used OsiriX
Lite 9.0 (Pixmeo SARL, Bernex, Switzerland) to make
the measurements of macaques and human subjects,
respectively. In addition, images of 3D-reconstruction
of the whole cervical spine and each cervical vertebra
were generated separately. The methods of measure-
ments in our study refers to the previous studies [4, 19,
26]. The anteroposterior and lateral dimensions of the
vertebrae, such as the depth and width of the vertebra
(Vd and Vw, respectively), vertebral body (VBd and
VBw, respectively), and spinal canal (SCd and SCw,
respectively) were measured in axial views of CT scans.
The heights of the vertebral body (VBh) and interverte-
bral disc (IVDh) were estimated in anterior views of CT
scans as well (Figs. 1A and B, Table 1). The spinal cord
(depth, SCod; width, SCow), spinal canal (depth, SCdM;
width, SCwM), and cerebrospinal fluid (CSF, anterior
depth, ACFd; posterior depth, PCFd) were measured in
cross-sectional views of MRI scans (Figs 1C and D,
Table 1). The same measurements were made 3 times by
two independent operators and analyzed using the #-test,
and there were no significant differences in any measure-
ments between the two operators. Each linear parameter
at each vertebral or spinal level in cadaver specimens
and live subjects were computed as the average of the
measurements. The averages at each spinal level were
then also computed by using each parameter for each
species. The axial morphology of the spine is reflected
by the following three ratios: the vertebral width-to-
depth (Vw/Vd), vertebral body width-to-depth (VBw/
VBd), and spinal canal width-to-depth (SCw/SCd) ratio.
The lateral morphology of the spine is reflected by the
vertebral body height-to-depth (VBh/VBd). Moreover,
the spinal cord parameters were measured by MRI, and
the morphology of the spinal cord is represented by spi-
nal cord width-to-depth (SCow/SCod) ratio. The data
for all cases diagnosed as normal were included in the
analyses. It is worth noting that the CT and MRI data
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from the animal and human subjects in the present study
did not come from the same individuals.

Statistical analysis

SPSS Statistics 20.0 software was used to perform the
statistical analysis in this study. A ¢-test was used for the
comparison of the parameters between the two observers.
For each species, the changes in every parameter across
segments were analyzed using one-way ANOVA, and a
post hoc Bonferroni test was used when there were sig-
nificant differences in a one-way ANOVA. The Mann-
Whitney test and Kruskal-Wallis test were used to com-
pare the ratios between species and among segments,
respectively, and a post hoc Dunn’s test was used for
multiple comparisons. A P-value of 0.05 was considered
statistically significant.

Comparison of the ratios between species

In general, most of the CT measurements were differ-
ent between species. There were significant differences
in Vw/Vd between species at C6 (P<0.0011) and C7
(P<0.0001). VBw/VBd at C5-7 and SCw/SCd at all seg-
ments were significantly different between species (Figs.
2A and B). There was only a significant difference in
VBh/VBd between species at C3 (Fig. 2C). The IVDh/
VBh ratio of the macaques was significantly greater than
that of the human subjects (Fig. 2D). The VBw/Vw ratio
of human subjects was greater than that of the macaques
at C3—C7, whereas VBd/VD was significantly different
between the species, except at C6 and C7 (Figs. 3A and
B). In addition, there were no significant differences in
SCw/Vw between species (Fig. 3C), and the SCd/Vd
ratio of the macaques was significantly greater than that
of the human subjects (Fig. 3D).

Regarding the measurements of the spinal cord ob-
tained with MRI images (Fig. 4), the SCow/SCod ratio
of the human subjects was significantly greater than that
of the macaques at each cervical segment (Fig. 4A). The
SCow/SCwM and SCod/SCdM ratios of the human sub-
jects were significantly smaller than those of macaques
at C3—C7 (Figs. 4B and C). The ratio of the cerebrospi-
nal fluid depth to the spinal cord depth (CFd/SCod) of
the human subjects was significantly greater than that of
the macaques at C3—C7 (Fig. 4D).

Comparison of the measurements among segments
in the human subjects

Regarding the cervical spine of the human subjects
(Table 2), VBw was significantly greater at C6 and C7
than at C3 and C4, respectively, while VBh was signifi-
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Fig. 1. Three-dimensional renderings of cervical vertebrae of an adult male long-tailed macaque,

Macaca fascicularis(A and B). Cervical spinal cord of an adult male macaque (not to scale
to show features) (C and D). The measured dimensions are indicated on the axial view of
a cervical (C5) vertebra and on the right anterolateral view of the cervical spine. Vw, ver-
tebral length; Vd, vertebral depth; VBw, vertebral body width; VBd, vertebral body depth;
SCw, spinal canal width; SCd, spinal canal depth; VBh, vertebral body height; IVDh, in-
tervertebral disc height. The measured dimensions are indicated on the axial view of a
spinal cord (C5). SCow, spinal cord width; SCod, spinal cord depth; ACFd, anterior cere-
brospinal fluid depth; PCFd, posterior cerebrospinal fluid depth; SCwM, spinal canal width

scanned by MRI; SCdM, spinal canal depth scanned by MRI.

Table 1. The abbreviations to describe anatomical parameters

Abbreviation Description

VBw Maximum length of the vertebral body along the lateromedial direction, including the uncinate process.

VBd Maximum vertebral length along the anteroposterior direction.

VBh Measuring the length of the vertebral body from the superior aspect of its upper endplate to the inferior aspect of its lower
endplate at the anterior edge of each vertebra.

Vw Maximum length of the vertebra along the lateromedial direction.

vd Maximum length of the vertebra from anterior edge of vertebral body to spinous process along the anteroposterior direction.

SCw Maximum lateral dimension of the spinal canal perpendicular to the midline.

SCd Maximum length of the spinal canal along the anteroposterior direction.

IVDh Length between the lower endplate of the superior vertebral body and the upper endplate of the lower vertebral body mea-
sured at the anterior edge of the vertebral body.

SCow Maximum length of the spinal cord along the lateromedial direction.

SCod Maximum length of the spinal cord along the anteroposterior direction

CFd The distance between the dura and the spinal cord parenchyma on its corresponding side

ACFd Maximum length between the anterior dura and the anterior spinal cord parenchyma

PCFd Maximum length between the posterior dura and the posterior spinal cord parenchyma

SCwM Maximum lateral dimension of the spinal canal perpendicular to the midline scanned by MRI

SCdM Maximum length of the spinal canal along the anteroposterior direction scanned by MRI
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Fig. 2. Comparison of the anatomical ratios of the cervical spine between the human subjects and
macaques. Significant differences (P<0.05) in corresponding segments between the human
subjects and macaques are indicated with an asterisk (*). (A) VBw/VBd, (B) SCw/SCd, (C)
VBh/VBd, and (D) IVDh/VBh. VBw/VBd, vertebral body width-to-depth ratio; SCw/SCd,
spinal canal width-to-depth ratio; VBh/VBd, vertebral body height-to-depth ratio; [IVDh/VBh,
intervertebral disc height to vertebral body height ratio. Variance bars represent the SD. The
Mann-Whitney test was used to compare the ratios between species in corresponding segments.
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Fig. 3. Comparison of the anatomical ratio of the cervical spine between the human subjects and
macaques. Significant differences (P<0.05) in corresponding levels between the human subjects
and macaques are indicated with an asterisk (¥). (A) VBw/Vw, (B) VBd/Vd, (C) SCw/Vw,
(D) SCd/Vd. VBw/Vw, vertebral body width to vertebral depth ratio; VBd/Vd, indicates
vertebral body depth to vertebral depth ratio; SCw/Vw, spinal canal width to vertebral width
ratio; SCd/Vd, spinal canal depth to vertebral depth ratio. Variance bars represent the SD. The
Mann-Whitney test was used to compare the ratios between species in corresponding segments.
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Fig. 4. Comparison of the anatomical ratio of the cervical spine between the human subjects and
macaques as measured by MRI. Significant differences (P<0.05) in corresponding levels be-
tween the human subjects and macaques are indicated with an asterisk (*). (A) SCow/SCod,
(B) SCow/SCwM, (C) SCod/SCdM, and (D) CFd/SCod. SCow/SCod, spinal cord width-to-
depth ratio; SCow/SCwM, spinal cord width to spinal canal width scanned by MRI ratio;
SCod/SCdM, spinal cord depth to spinal canal depth scanned by MRI ratio; CFd/SCod, cere-
brospinal fluid depth to spinal cord depth ratio. Variance bars represent the SD. The Mann-
Whitney test was used to compare the ratios between species in corresponding segments.

cantly greater at C7 than that at C6. Vw and Vd were
significantly greater at C7 than that at C3, C4, and CS5,
respectively, and Vd was also greater at C6 than at C3,
C4, and CS5. There were significant differences in Vw/
Vd between C6, C7, and C4, respectively. The VBw/
VBd ratio, which decreased cranially, was significantly
greater at C6 and C7 than at C3, respectively (Table 2).
The VBd/Vd ratio was smaller at C7 than at C3, C4, and
C5, while there was no significant difference in VBw/
Vw among segments. SCd/Vd was significantly smaller
at C7 than at C3 and C4, respectively. There were no
significant differences in the VBh/VBd, SCw/SCd, SCw/
Vw, or IVDh/VBh ratios among segments (Table 2).

There were no significant differences in SCow, SCod,
ACFd, PCFd, SCwM, or SCAM among segments (Table
3). The SCow/SCwM ratio was significantly greater at
C5 than at C3, and there were no significant differences
in SCow/SCod, SCod/SCdM, or CFd/SCod among seg-
ments (Table 3).

Comparison of the measurements among segments
in macaques

Vw increased from C3 (23.35£3.92 mm) to C7 (32.74
+ 4.11 mm), and Vw at C7 was significantly different
from those at C3, C4, and C5 (Table 4). Also, SCw at

C6 and C7 was significantly greater at C6 and C7 than
at C3. There were no significant differences in Vw/Vd,
VBd/Vd, VBw/Vw, VBw/VBd, or IVDh/VBh. The SCw/
SCd ratio was significantly greater at C6 and C7 than at
C3, respectively. The VBh/VBd ratio was significantly
lower at C7 than at C3. The SCw/Vw ratio was signifi-
cantly smaller at C7 than at C3 and C4, and the SCd/Vd
ratio was significantly smaller at C7 than at C4.

The posterior cerebrospinal fluid depth (PCFd) was
significantly greater at C7 than at C5 and C6 (Table 5).
Furthermore, SCwM was significantly larger at C6 and
C7 than at C3 and C4 (Table 5). The SCow/SCod ratio
was significantly smaller at C7 than at C5, and the SCow/
SCwM ratio was significantly smaller at C6 and C7 than
at C3 and C4, respectively. There were no significant
differences in the SCod/SCdM or CFd/SCod ratios
among segments (Table 5).

Anatomical comparisons between animals and human
subjects have been reported in numerous studies [5, 6,
19, 26-28]. However, few studies have focused on the
morphology of the cervical spine between human sub-
jects and macaques, particularly to establish a preclinical
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Table 2. Cervical anatomical measurements and ratios obtained by CT in human

C3/C2-3 C4/C3-4 C5/C4-5 C6/C5-6 C7/C6-7
VBw (mm) 20.87 +2.01 22.18£2.65 23.33£2.13 26.01 +2.96+% 27.13 £ 48141+
Vw (mm) 53.51+3.13 54.69 +3.97 55.58 +£3.69 59.07 +3.96 64.32 +£9.3411*
VBd (mm) 16.30 £ 1.75 16.49 = 1.70 16.11 £2.28 16.95 +2.05 17.56 £2.72
Vd (mm) 45.40 +3.77 42.62 £4.55 46.25 £3.57 54.40 +7.3111* 60.11 + 8.8611*
SCw (mm) 22.43+2.61 24.07 £2.47 22.80+3.32 23.76 £2.33 22.87+3.13
SCd (mm) 12.67 + 1.60 12.31 % 1.69 12.44 + 1.45 13.00 £ 1.56 13.16 + 2.04
VBh (mm) 15.45 +1.32 14.93 + 1.03 14.96 = 1.16 14.62 = 1.02 16.41 £ 1.77#
IVDh (mm) 3.65+0.86 3.70+ 1.01 3.64+1.12 3.40 £ 0.90 4.14+120
Vw/Vd 1.18£0.10 130 £0.16 1.21£0.10 1.10 £0.12% 1.07 +0.09%
VBd/Vd 0.36 +0.04 0.39 + 0.06 0.35+0.05 0.31+0.03% 0.29 +0.02+1*
VBwW/Vw 0.39 +0.03 0.41 +0.06 0.42 +0.04 0.44 +0.05 0.42 +0.05
VBw/VBd 1.29 +0.12 1.35+0.18 1.47 £0.19 1.54 +0.14+ 1.55+0.16F
VBh/VBd 0.95+0.10 0.91+0.08 0.94+0.11 0.87+0.12 0.95+0.12
SCw/SCd 1.79£0.23 1.98 +0.28 1.85+0.32 1.85+0.14 1.77 £0.32
SCw/Vw 0.42 +0.06 0.44 +0.05 0.41 +0.06 0.40 + 0.04 0.36 +0.08
Scd/vd 0.28 £0.05 0.29 + 0.04 0.27 +0.03 0.24 +0.03% 0.22 +0.0411
IVDh/VBh 0.24 +0.06 0.25 +0.07 0.24 +0.07 0.23 +0.06 0.25+0.07

Mean = SD. Significant differences among vertebral segments in human are showed as C3 (}), and C4 (f), C5 (*), and C6 (#)
(P<0.05). Shaded cells demonstrate a significant difference between the monkey and the human (P<0.05). A one-way ANOVA was
used to compare the parameters among segments, and a post hoc Bonferroni test was used when there were significant differences
on a one-way ANOVA. Kruskal-Wallis test was used to compare the ratios among segments, and a post hoc Dunn’s test was used
for multiple comparisons.

Table 3. Cervical anatomical measurements and ratios obtained by MRI in human

C3 C4 Cs Cé C7
SCow (mm) 11.32+0.91 12.22 £ 1.15 12.59 £ 0.70 12.28 £ 0.91 12.45+£1.50
SCod (mm) 6.62 +£0.52 6.64 +0.48 6.43 £0.59 6.46 +0.38 6.98 £0.70
ACFd (mm) 2.40+0.53 2.71+£1.10 2.07+0.28 2.16 £0.62 3.19+£1.71
PCFd (mm) 2.10£0.26 2.02+0.38 2.16 +£0.26 2.31+0.50 2.27+0.58
SCwM (mm) 23.55+1.74 23.13+£1.73 22.62+1.81 23.38 £2.11 22.75+£1.02
SCdM (mm) 13.99+£1.29 13.35+1.78 13.30 £ 1.22 13.32+£1.12 13.30 + 0.87
SCow/SCod 1.71 £0.17 1.84+0.21 1.97+0.20 1.87+0.16 1.79£0.16
SCow/SCwM 0.48 + 0.05 0.53 £0.04 0.56 = 0.05F 0.52 £ 0.04 0.55+0.07
SCod/SCdM 0.48 +0.03 0.50 £ 0.05 0.48 +0.03 0.49 £ 0.05 0.53 £0.06
CFd/SCod 0.68 +0.10 0.72+0.19 0.66 + 0.08 0.70+0.16 0.77 £0.24

Mean = SD. Significant differences among vertebral segments in human are showed as C3 (}) (P<0.05). Shaded cells dem-
onstrate a significant difference between the monkey and the human (P<0.05). A one-way ANOVA was used to compare the
parameters among segments, and a post hoc Bonferroni test was used when there were significant differences on a one-way
ANOVA. Kruskal-Wallis test was used to compare the ratios among segments, and a post hoc Dunn’s test was used for
multiple comparisons. Note: CFd=ACFd+PCFd.

model of SCI. The present study showed that the verte-
bral body, spinal canal, and spinal cord in the human
subjects was flatter (greater width and smaller depth)
than that in the long-tailed macaques. Additionally, the
change in size and morphology of cervical vertebrae
from the rostral to caudal side in the macaques was con-
sistent with that in the human subjects. The cerebrospi-
nal fluid (CSF) space, an important parameter for a
spinal cord injury model, was found to be significantly
different between the two species: the CSF space ac-
counted for approximately 70% of the spinal canal in the
human subjects and approximately 40% in the macaques
((ACSF+PCSF)/SCdM). These results provide a refer-
ence for establishing an SCI model using the long-tailed
macaques.
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The axial morphology of the C5, C6 and C7 vertebral
bodies (VBw/VBd) was flatter in the human subjects
than that in the macaques, while the sagittal view of the
corresponding vertebral bodies revealed similar sagittal
morphology between the human subjects and macaques.
This may be due to differences in musculature and head-
neck movement needs between human subjects and
macaques [29]. In addition, the slenderness of the cervi-
cal spine was significantly greater in the macaques than
in the human subjects (VBh/VBd and IVDh/VBd), and
this indicates that macaques have a greater cervical range
of mobility than human subjects [30]. The dynamic range
of motion and neck slenderness may indicate that the
spine of the macaques is more likely to be damaged [31],
and the vertebral bodies, which were narrower in the
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Table 4. Cervical anatomical measurements and ratios obtained by uCT in monkey

C3/C2-3 C4/C3-4 C5/C4-5 C6/C5-6 C7/C6-7
VBw (mm) 6.61+0.71 6.87+1.10 711+ 1.59 8.30 + 1.291 8.77 + 0.6711*
Vw (mm) 23.35+3.92 24.65 + 3.24 26.32 +2.87 29.87 + 3.60+ 3274+ 4.1141*
VBd (mm) 6.03+0.98 5.86+0.81 5.67+0.65 6.42 + 0.68 6.66 +0.53
Vd (mm) 21344272 20.61 + 1.86 21.20 +2.41 22.78 £2.54 24.39 227}
SCw (mm) 10.27 = 0.94 10.82 = 0.83 11,11 +0.79 12.00 £ 1.04+ 12.12 £ 1.61%
SCd (mm) 8.08 +0.86 7.99 +0.66 7.93+0.90 8.12+0.83 8.18 +0.96
VBh (mm) 735+ 1.70 6.26+ 125 6.18 = 1.47 6.32+1.76 6.07 +1.36
IVDh (mm) 2.31+021 2.1840.12 2234025 2.25+0.15 221+0.15
Vw/Vd 1.10£0.19 1.19 £ 0.09 1.25+0.10 1.31+0.12 1.34+0.11
VBd/Vd 0.29 +0.05 0.28 + 0.04 0.27 +£0.03 0.28 +0.03 0.27+0.02
VBwW/Vw 0.29+0.05 0.28 + 0.04 0.27 +0.02 0.28 +0.01 0.27 +0.03
VBw/VBd 1.12£0.19 1.180.17 126 +0.17 129 +0.11 1.32+0.16
VBh/VBd 121+0.15 1.06+0.14 1.08=0.19 0.97+£0.20 0.93 +0.19+
SCw/SCd 127 +0.07 1.36+0.10 1.41+0.12 1.48 £ 0.07+ 1.49 £ 0.15+
SCw/Vw 0.45 +0.05 0.44 + 0.04 0.43 +0.04 0.40 + 0.03 0.37 +0.0411
SCd/vd 0.38 +£0.05 0.39 +0.03 0.38 +0.03 0.36 +0.03 0.34 +0.03%
IVDh/VBh 0.33+0.11 0.36 +0.08 0.38+0.11 0.38+0.10 0.38+0.08

Mean = SD. Significant differences among vertebral segments in monkey are showed as C3 (), and C4 (}), C5 (*) (P<0.05). Shaded
cells demonstrate a significant difference between the monkey and the human (P<0.05). A one-way ANOVA was used to compare
the parameters among segments, and a post hoc Bonferroni test was used when there were significant differences on a one-way
ANOVA. Kruskal-Wallis test was used to compare the ratios among segments, and a post hoc Dunn’s test was used for multiple

comparisons.

Table 5. Cervical anatomical measurements and ratios obtained by MRI in monkey

c3 c4 cs Cé6 c7
SCow (mm) 9.59+0.50 9.79 4 0.42 9.92 + 0.44 9.84 4 0.40 9.26+0.92
SCod (mm) 6.32+0.30 6.42 % 0.40 6.32 % 0.40 6.58 + 0.44 6.57+0.57
ACFd (mm) 1.09 +0.16 1.14+0.19 1.16 +0.20 1.26 +0.19 120+ 0.15
PCFd (mm) 1.16 £0.12 1.09 +0.14 1.08 4 0.17 1.05+0.13 1.30 + 0.22%#
SCwM (mm) 12.13 +£0.75 12.47 + 0.59 13.06 + 0.92 14.02+ 13617 13.79+0.97+}
SCAM (mm) 8.28+0.21 8.12 = 0.34 8.09 + 0.54 8.57 +0.52 8.43 +0.69
SCow/SCod 1.52+0.09 1.53 +0.09 1.57 +0.10 1.50 + 0.08 1.41 + 0.08*
SCow/SCwM 0.79 + 0.06 0.79 + 0.04 0.76 + 0.05 0.71 + 0.06+3 0.67 + 0.08+}
SCod/SCdM 0.76 + 0.04 0.79 + 0.04 0.78 + 0.06 0.77 = 0.04 0.78 + 0.08
CFd/SCod 0.36 % 0.03 0.35 % 0.04 0.35+0.03 0.35+0.03 0.38+0.05

Mean = SD. Significant differences among vertebral segments in monkey are showed as C3 (1), and C4 (), C5 (*), and C6
(#) (P<0.05). Shaded cells demonstrate a significant difference between the monkey and the human (P<0.05). A one-way
ANOVA was used to compare the parameters among segments, and a post hoc Bonferroni test was used when there were
significant differences on a one-way ANOVA. Kruskal-Wallis test was used to compare the ratios among segments, and a
post hoc Dunn’s test was used for multiple comparisons. Note: CFd = ACFd + PCFd.

macaques, might also contribute to this because a great-
er axial area can decrease bending stresses. This is fur-
ther supported by the fact that the vertebral body occu-
pied a larger portion of the vertebrae (VBw/Vw and VBd/
Vd) in the human subjects compared with the macaques.

Spinal cord morphology is of great importance for
establishing the type of spinal cord injury, especially
bilateral or unilateral contusion and hemisection models
[32-36]. More precise parameters are needed to generate,
with high repeatability, a unilateral contusion model that
enables further study of limb function and a higher sur-
vival rate [12, 37, 38]. Our results, specifically those for
the SCw/SCd ratio, showed that the axial morphology
of the spinal cord was flatter in the human subjects than
in the macaques. In addition, the trend of the changes in

the SCow/SCwM ratio from C3-C7 were different be-
tween human subjects and macaques, while the change
trend of the SCod/SCdM ratio from C3-C7 was similar
between the two species. The SCow/SCwM and SCod/
SCdM ratios of the macaques were significantly greater
than that of those of the human subjects, indicating that
the spatial shift of the spinal cord in the spinal canal of
the human subjects was larger than that of the macaques.
Generally, the more available space for the spinal cord,
the less likely it is to be crushed and injured. Therefore,
when using macaques to establish a cervical spinal cord
contusion model, more attention should be paid to the
laminectomy process to expose the spinal cord than the
clinical laminectomy process. Furthermore, the laminec-
tomy window size in macaque models must be consistent
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and appropriate, because lateral movement of the spinal
cord during spinal contusion, especially in the case of a
unilateral contusion, is a factor affecting the degree of
injury consistency [11, 12].

The CSF space, defined as the thickness of the ante-
rior cerebrospinal fluid and posterior cerebrospinal fluid,
is a valuable parameter for assessing the spinal cord to
coordinate mechanical readings of a contusion device,
locate the dural touch and the cord touch, and maintain
cord stability [12]. Three cases of rhesus macaques (Ma-
caca mulatta) with pre-operative MRIs were measured
by Salegio ef al. [12], and the average CSF space was
evaluated to be 1.2 mm on the posterior side (PCFd) and
0.9 mm on the anterior side (ACFd) at the C5 level,
respectively. In our study, examination of 10 macaques
revealed that the thickness of the cerebrospinal fluid was
1.16 = 0.20 mm on the anterior side (ACFd) and 1.08 +
0.17 mm (PCFd) on the posterior side of the C5 region,
respectively. In addition, we found that the proportion
of cerebrospinal fluid in the human spinal cord (CFd/
SCod) was significantly greater than that in the macaques
(70% in the human subjects; 40% in the macaques). This
information can be used to determine the contact force
when establishing a contusion spinal cord injury model
by controlling displacement [11, 12, 39]. This could be
used to set the contact force such that the spinal cord is
close to the bottom of the spinal canal during contusion,
reducing the movement of the spinal cord and thereby
reducing the impact of the cerebrospinal fluid on the
degree of contusion; this would make the established
model more consistent and accurate. In other words, the
CSF space acts a pivotal part in generating models with
moderately severe contusion injury in macaques.

Tominaga ef al. [19] measured the anatomical dimen-
sions of cadaveric cervical spines in human subjects and
found that the average width and depth of the spinal
canal from C3 to C7 were 3.03 mm and 2.50 mm larger
than those measured in our study (width, 23.19 £ 2.77
mm; depth, 12.72 = 1.66 mm). Differences in measure-
ment methods and samples may contribute to the dis-
crepancy. In addition, the previous study showed that
the SCw/SCd ratio reflecting the morphology of the
cervical spinal canal in human subjects, was 1.74 [19],
whereas in our study, the values determined by CT and
MRI were 1.85 and 1.72, respectively, indicating similar-
ity in the spinal canal morphology between these studies.

There were some limitations in the present study. The
subjects in this study were adult males, and other genders
and age groups were not considered. In addition, the
number of samples in this study might not have been
sufficient. Increasing the number of samples could make
the data more convincing. More importantly, in this
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study, the macaques subjected to micro-CT were sourced
from cadaveric specimens, and this was inconsistent with
the human CT data sources. CT is more accurate for
observing bone structure, while MRI is more accurate
for observing soft tissue. In this study, the same param-
eters, such as the maximum width and depth of the spi-
nal canal, were measured by CT and MRI, and the results
showed different tendencies (CT and MRI: 1.85 + 0.27
and 1.72 £ 0.15 for human subjects and 1.40 £ 0.13 and
1.58 = 0.15 for macaques, respectively). A possible rea-
son for this is that CT and MRI data were not from the
same individuals; alternatively, it is possible that there
was an inconsistency in the measurement accuracy be-
tween the two methods for the same structure.

The morphology of the vertebral body, spinal canal,
and spinal cord parenchyma of the cervical spine in the
macaques was different from that in the human subjects.
However, the trends of the changes in the segments of
the cervical spine were similar between the macaques
and human subjects. Our study provides anatomical pa-
rameters of the cervical spine in macaques that may be
helpful in designing future studies using the cervical
spine of the macaque as an alternative model of the hu-
man cervical spine. In addition, when establishing pre-
clinical research models of spinal cord injury in ma-
caques, these parameters can also provide a basis for
surgical operations and contusion parameter settings.
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