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Implants comprising engineered bone tissue, internal fixation 
systems, and artificial joints have become important therapeutic 
tools in spinal surgery. After insertion, the primary factors that 
influence the therapeutic success of spinal implants are their bio-
compatibility and mechanical properties.32 The insertion of spinal 
implants into vertebrae diminishes the integrity of the vertebral 
trabecular bone at the bone–implants interface, potentially lead-
ing to insufficient mechanical stability at the interface and subse-
quent loosening of the implant and loss of the correction due to 
fixation. Likely the more similar the surface microarchitecture of 
implants is to the cancellous bone into which they are implanted, 
the more biocompatible the implant. Spinal implants whose sur-
face microarchitecture mimics that of cancellous bone may lead 
to improved stability as trabeculae grow into and adhere to the 
implant. Therefore analyzing the microarchitecture of vertebral 
cancellous bone is important not only in terms of theoretical re-
search but also for the clinic practice of spinal surgery.

In addition, the advancement of spinal surgery depends on 
the progress of laboratory animal science. The animal models 
used most frequently in spine research include calves, goats, and 
sheep;13,23,30,31 dogs have been involved infrequently.2 However, 
the recent outbreaks of bovine spongiform encephalopathy, avian 
influenza, SARS, and influenza A (H1N1) and the possible haz-
ards to personnel working with potentially contaminated tissues 
have made the selection of animal models for spine research more 
rigorous than ever.29 Because of these concerns, some countries 
have imposed strict regulations on the use of sheep and calves for 
experimental work.15

We chose sheep (Chinese merino) and deer (Cervus nippon Tem-
minck) for the research subjects for the current study of the mi-
croarchitecture of vertebral cancellous bone. The sheep (genus 
sheep, species Chinese Merino), progeny of a cross between an 

Australian Merino ram and Boer Wentz ewe, have the advantages 
of stable heredity and small interindividual differences. Because 
of the easy to obtain and less stringent governmental regulations 
regarding their use, Currently, Chinese merino are the most suit-
able sheep for experiments in our country.

Adult red deer may be an appropriate alternative model of the 
human spine. Although an anatomical database of the deer spine 
and a detailed comparison with the human spine have been pub-
lished,14,15 detailed comparisons of the microarchitecture of spinal 
cancellous bone between humans and various animal models, in-
cluding deer, are unavailable. We consider that deer have the fol-
lowing advantages: 1) adult deer are comparable in size to adult 
humans; 2) they are readily available for research purposes; 3) 
deer show stable heredity and small interindividual differences; 
4) they are hearty, making them good surgical candidates and 
resistant to infection; and 5) perhaps most importantly, deer have 
scarcely (if ever) been reported as carriers of prion diseases.

In recent years, quantitative, micro-, and high-resolution com-
puted tomography have proven useful in the assessment of the 
structural patterns of cancellous bone.7,8,11,26 However, some re-
searchers3 consider that traditional bone tissue morphometry is 
still the optimal method for quantitative analysis of the micro-
architecture of cancellous bone. We therefore adopted the 2D 
bone tissue morphometry method in the current study. Here we 
measured various morphometric parameters of lumbar cancel-
lous bone from deer and sheep to compare them with those of 
humans and to explore the feasibility of deer and sheep as models 
for the human spine.

Materials and Methods
Spine specimens. Spine cadaveric samples were obtained from 

3 sources. Spine specimens from 5 adult female deer (age, 1.5 to 
2 y; body length, 75 to 95 cm; weight, 75 to 80 kg) euthanized 
by ketamine overdose were obtained from the Changchun City 
Shuangyang Area Deer Industry Developing Head Company 
(Changchun City, China). Spines from 5 adult male merino sheep 
(age, 1.5 to 2 y; body length, 62 to 79 cm; weight, 46 to 62 kg) 
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important to demonstrate the function of vertebral cancellous 
bone. Therefore, each vertebral sample was split into an upper, 
middle, and lower portion from the cranial to caudal side (Figure 
1).

Acquisition and processing of binary images. Each vertebral 
sample was divided into 3 portions (upper, middle, and lower), 
each of which had 4 surfaces (coronal–front, coronal–hind, sag-
ittal–left, and sagittal–right surface; Figure 1). High-resolution 
stereo microscopy (CK2, Olympus) was used to select same-size 
areas of interest (6.10 mm × 5.00 mm; 30.5 mm2) at the center of 
each surface and obtain binary images of cancellous bone. The 
size and position of the region of were determined after compre-
hensive analysis, to decrease noise and maximize useful histo-

euthanized by ketamine overdose were provided by the Experi-
mental Animal Center of Jilin University (Changchun, Jilin Prov-
ince, China). Spines from 5 men (age, 21 to 31 y; height, 168 to 177 
cm) were procured through the Departments of Anatomy of Jilin 
University. For all spines, intact lumbar specimens (L1 to L6 of 
deer and sheep, L1 to L5 of humans) were removed en bloc with 
associated muscles, soft tissues, and intervertebral discs and ra-
diographed to rule out any obvious bone lesions. All procedures 
involving cadaveric tissue samples conformed to the mandates 
of and were approved by the local ethics committee and adhered 
to national standards regarding experimental animals.17,19,20,21 and 
the use of human tissues.18,22

Acquisition and process of samples. A single cuboidal sample 
(10 mm × 10 mm × natural height including upper and lower end-
plates) was obtained from the center of each frozen lumbar verte-
bral body by using a bone saw (Figure 1). Because vertebrae are 
predominantly under compressive stress, care was taken to en-
sure that the long axis of samples was parallel to the vertical axis 
of the vertebral body. Samples were flushed under low-pressure 
jet flow with physiologic saline, infiltrated with heparin in physi-
ologic saline (2.5mg/ml), and cleaned by placing in an ultrasonic 
purifier (TCQ-25, No. 2 Beijing Medical Instrument Factory, Bei-
jing, China) for 20 min. Samples were flushed and sonicated a to-
tal of 3 times to ensure complete removal of bone marrow. A total 
of 85 samples (6 vertebrae per deer and sheep spine; 5 vertebrae 
per human spine) were selected. Samples were placed in airtight 
plastic vials stored at –20 °C.25

Normal cancellous bone is composed of numerous interlaced 
bone trabeculae, which range along the physiologic pressure and 
tension curves.4 Because the principal loading of vertebrae was 
compressive loading, investigation of structural morphometric 
patterns and inhomogeneity trends in the vertical direction was 

Figure 1. Sampling procedure. One sample was harvested per vertebrae 
and categorized according to 2 factors for data analysis: species (deer, 
human, and sheep) and layer (upper [1], middle [2], and lower [3]). Each 
portion had 4 surfaces: (A) coronal front, (B) coronal rear, (C) sagittal 
left, and (D) sagittal right. We obtained binary images from the same-
size areas of interest (6.10 mm × 5.00 mm) in the center of each surface. 
Correspondingly, a total of 12 cancellous bone images were obtained for 
each sample.

Figure 2. Morphometric parameters of lumbar cancellous bone.
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and L1 through L5 in humans, data regarding the microarchitec-
tural parameters of L3 only are presented (Table 1) for the sake 
of brevity. Trends and differences apparent through comparison 
of L3 were mirrored in the remaining vertebrae of each species.

Trends in vertical inhomogeneity of L3. Analyzing and compar-
ing the data for L3 from humans, sheep, and deer by layer (Table 
2) provided insight into the vertical inhomogeneity of this verte-
bra, both within and between species. One noteworthy point that 
emerged is that differences between layers for deer and sheep 
tended to be greater than between those in humans (Table 2), indi-
cating greater vertical inhomogeneity in the L3 of the nonhuman 
species.

Morphologic indices of cancellous bone structure. In human 
lumbar vertebral cancellous bone, values for the vertical bone 
trabecula morphologic index of the upper layer were fairly con-
centrated (79% of values) in the region from 0.2 to 0.7 (that is, 
corresponding to a columnar morphology; Table 3); only 21% of 
values were −0.2 to 0.2 or greater 0.7 to 1, indicating that the verti-
cal trabeculae in the upper layer of human L3 were platelike in 
morphology. The middle and lower layers of human L3 showed 
similar trends in morphology to the upper layer (Table 3). How-
ever, L3 of deer and sheep tended to be platelike in morphology 
(Table 3), according to the vertical bone trabecula morphologic 
index. According to the morphologic index, horizontal trabeculae 
of deer, humans, and sheep L3 tended to be columnar in mor-
phology (Table 3). Whereas the medullary canals of human L3 
were distributed approximately equally between flat and long, 
narrow ellipsoidal morphologies among the upper, middle, and 
lower vertebral layers, those of deer and sheep tended to be long, 
narrow ellipsoidal in all 3 layers (Table 3).

Discussion
Microarchitecturally, cancellous bone is a porous network com-

prising numerous interconnecting columnar or plate-like bone 
trabeculae. According to Wolff’s law,4 the thickness and length of 
the trabeculae of normal cancellous bone parallel the physiologic 
compressive and tension stresses experienced, and the trabeculae 
of cancellous bone can remodel in orientation, number, and struc-

logic information and content resolution. In addition, because of 
known vertical inhomogeneity of the cancellous bone microar-
chitecture inside vertebra bodies,1,15 we took care to localize the 
region of interest at the same location for each surface of each 
portion of vertebral samples from sheep, deer, and human spine. 
Thus we obtained 12 images for each sample.

Adobe Photoshop CS (Adobe, San Jose, CA) was used to adjust 
brightness and edge sharpness to obtain high-definition microar-
chitectural images of cancellous bone. Cancellous bone was iden-
tified by visual inspection of images; to decrease interoperator 
error, standardized definitions for various morphometric param-
eters of cancellous bone morphometric formulas were devised 
(Figure 2). Image analysis software (Efilm Workstation, Merge 
Healthcare, Hartland, WI) was used to measure these parameters 
quantitatively.

Statistical methods. Although all images and vertebrae were 
evaluated, only the data regarding the microarchitecture of L3 
in deer, sheep, and humans are shown for the sake of brevity. 
Data are presented as mean ± SE. All statistical analyses were 
performed by using SPSS version 17.0 (SPSS Institute, Chicago, 
IL). Repeated-measures ANOVA was used to compare multiple 
within-subject factors, which included ‘species’ (deer, sheep, hu-
man) and ‘layer’ (upper, middle, lower). The least squares dif-
ference t test was used to compare groups. The significance level 
was set at a P value of less than 0.05.

ANOVA first was performed for the entire lumbar vertebrae, 
with species as the factor investigated, to search for any differ-
ences between the different species across the entire human verte-
brae. Then ANOVA was done separately for each layer among the 
3 species, again with species as the factor investigated, to deter-
mine any differences between species in a single layer. To extend 
the evaluation, ANOVA was performed separately for each spe-
cies, with layer as the target factor. The purpose of this analysis 
was to identify vertical inhomogeneity in a single species.

Results
Comparison of the microarchitecture of L3 in deer, sheep, and 

humans Although we evaluated L1 through L6 in sheep and deer 

Table 1. Microarchitectural parameters of L3 compared by species

P

Parameter Deer Human Sheep Deer vs human Sheep vs human Deer vs sheep

VTb.N 0.752 ± 0.058 0.687 ± 0.030 0.969 ± 0.058 nonsignificant 0.001 0.01

VTb.Ld 1.064 ± 0.018 0.337 ± 0.024 0.745 ± 0.015 0.001 0.001 0.001

VTb.Td 0.343 ± 0.006 0.274 ± 0.008 0.289 ± 0.005 0.001 nonsignificant 0.001

HTb.N 0.305 ± 0.044 0.574 ± 0.023 0.502 ± 0.044 0.001 nonsignificant 0.01

HTb.Ld 0.468 ± 0.012 0.372 ± 0.010 0.517 ± 0.010 0.001 0.001 0.01

HTb.Td 0.411 ± 0.012 0.221 ± 0.011 0.278 ± 0.010 0.001 0.001 0.001

Mc.N 0.592 ± 0.056 0.928 ± 0.025 0.932 ± 0.056 0.001 nonsignificant 0.001

Mc.Ld 1.377 ± 0.025 0.316 ± 0.020 0.848 ± 0.019 0.001 0.001 0.001

Mc.Td 0.569 ± 0.011 0.290 ± 0.009 0.480 ± 0.008 0.001 0.001 0.001

ThN.N 0.326 ± 0.025 0.302 ± 0.013 0.323 ± 0.025 nonsignificant nonsignificant nonsignificant

ThN.A 0.079 ± 0.003 0.057 ± 0.003 0.044 ± 0.003 0.001 0.001 0.001

MuN.N 0.107 ± 0.036 0.367 ± 0.018 0.270 ± 0.036 0.001 0.05 0.01

MuN.A 0.272 ± 0.018 0.072 ± 0.009 0.107 ± 0.010 0.001 0.01 0.001

Definitions of parameter abbreviations are found in Figure 2.
Data are presented as the mean (± SE) of all 3 vertebral layers.
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ture to accommodate and distribute the stresses under which they 
are placed. The extreme multiplicity, heterogeneity, and anisot-
ropy of the structural shape and spatial arrangement of trabecu-
lae complicate research into the morphometric and mechanical 
properties of cancellous bone. In the current study, we used tradi-
tional bone morphometry techniques and 2-dimensional images 
to evaluate microarchitectural parameters of the cancellous bone 
of L3 in humans, sheep, and deer.

Similarities between deer, sheep, and human spinal cancellous 
bone were greatest among the numbers of vertical and horizontal 
vertebral trabeculae (Table 1). However, the number of medullary 
cavities varied markedly among the 3 species (Table 1). Cancel-
lous bone bears about 90% of the load placed on vertebrae.24 In 
the human spine, which plays roles in both weight-bearing and 
load transfer, vertical bone trabeculae follow the lines of compres-
sive stress and are the primary load-bearing structure of vertebral 
cancellous bone, whereas horizontal bone trabecula are the main 
structure to conduct the stress and absorb energy. The biomechan-
ical functions of the spine in humans are vastly different from 
those of deer and sheep. The spines of these species primarily 
bear load along a single axis, without marked transfer of stress to 
the periphery. This difference in function accounts for the gradual 
decrease in the number and size of horizontal trabeculae in this 
special stress environment.

A fundamental difference among the species is that human tra-
beculae were characteristically smaller than those of deer and 
sheep, but for all 3 species the longitudinal diameter of the tra-
beculae or medullary canals was larger than their transverse di-
ameter, albeit to differing magnitudes (Table 1). In addition, these 
measures corresponded highly with the data for the morphologic 
indices of these structures. Our results support the fact that the 
cancellous bone of the human lumbar spine is an open rod-like 
network structure of interconnected columnar bone trabeculae, 
consistent with previous findings.6,9 In contrast, the cancellous 
bone of deer and sheep is a parallel plate-like structure connected 
with plate-like vertebral trabeculae and columnar horizontal tra-
beculae. Overall, these differences in the characteristics of the 
horizontal and vertical lumbar cancellous bone microarchitecture 
reflect the facts that humans are bipedal but deer and sheep are 
quadrupedal.

To varying degrees, differences in vertical and horizontal inho-
mogeneity emerged among the 3 species (Table 2), but regardless 
of species, the middle vertebral layer had more sparsely arranged 
trabeculae, higher porosity, and lower bone mass than did the up-
per and lower layers. These characteristics of the cancellous bone 
of the middle layer reflect its minor role in load bearing.6 Accord-
ingly, the greatest proportion of load-bearing cortical bone ap-
pears along the smallest vertebral cross-section, the middle layer.5 
In contrast, the greatest proportion of cancellous bone appears 
near the vertebral end plates, which are located in the upper and 
lower layers. In these layers, cancellous rather than cortical bone 
bears the greater proportion of the load placed on the vertebrae, 
and this concentration of stress leads to the denser microarchi-
tectural pattern of the component trabeculae, consistent with a 
previous report.5 In addition, several studies10,27,28 revealed that 
the microarchitectural pattern of the trabeculae is fine near the 
end plates but coarse in the center of the vertebra. Use of micro-
computed tomography to characterize the trabecular microarchi-
tecture of the cranial, middle, and caudal regions of the ovine 
L3 vertebra revealed that trabecular number, thickness, spacing, 
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Table 3. Distribution (% of samples) of calculated microarchitectural morphologic indices by layer and species

Parameter

Calculated 
vertebral 

morphology

Upper layer Middle layer Lower layer

deer human sheep deer human sheep deer human sheep

VTb.MI
Columnar 41.6% 79.0% 47.5% 34.2% 78.1% 46.0% 37.8% 78.3% 50.5%
Plate-like 58.4% 21.0% 52.5% 65.8% 21.9% 54.0% 62.2% 21.7% 49.5%

HTb.MI
Columnar 72.0% 73.6% 68.5% 77.4% 79.4% 66.0% 60.0% 69.7% 62.8%
Plate-like 28.0% 26.4% 31.5% 22.6% 20.6% 34.0% 40.0% 30.3% 37.2%

Mc.MI
Flat ellipsoid 9.0% 58.1% 22.1% 4.0% 49.0% 16.3% 6.3% 44.2% 15.5%

Long, narrow ellipsoid 91.0% 41.9% 77.9% 96.0% 51.0% 83.7% 93.7% 55.8% 84.5%

Definitions of parameter abbreviations are found in Figure 2.

connectivity density, degree of anisotropy, and bone mineral den-
sity all varied significantly between regions.16 Our results basi-
cally confirm these findings, and the observed differences were 
consistent with the biomechanical hypothesis that in vivo loads 
are distributed differently at the endplates compared with the 
midvertebra.

The 2D image quantitative analysis method we used to evalu-
ate the microstructural patterns of the cancellous bone of the deer, 
sheep, and human lumbar spine offered the following advan-
tages, compared with qualitative, high-resolution, or micro-com-
puted tomography analysis. With our method, (1) it was easy to 
distinguish the vertical and horizontal bone trabeculae of cancel-
lous bone and measure their number and relative structural pa-
rameters; (2) the number and structural parameters of medullary 
canals could be analyzed; and (3) the relation between various 
structural categories, numbers of various structures, and area of 
nodes in cancellous bone could be analyzed. However, our meth-
od has several drawbacks. We had to obtain binary images of 
bone tissue directly from the 4 surfaces of samples instead of from 
resin-embedded, sectioned samples. Although we might acquire 
higher-resolution images from the nonembedded samples, they 
are not amenable to subsequent mechanical testing and density 
measurement. Therefore we could not obtain bone tissue images 
from samples that may have become damaged. In addition, we 
were unable to evaluate 3D spatial patterns of cancellous bone 
through binary images. To compensate for this deficiency, we de-
vised new structural parameters (such as the morphologic index) 
to estimate the spatial morphologic patterns of cancellous bone.

Our current study provides a thorough microarchitectural 
database of the lumbar spinal vertebrae of deer and sheep and 
their detailed comparison with the human lumbar spine. Our 
results show that, according to the bone morphometric methods 
we used, both deer and sheep both offer viable options as models 
of the human spine. The biomechanics of cancellous bone in deer 
and sheep vertebrae should be studied further, to increase the 
accurate interpretation of results of studies using these animal 
models of the human spine.
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