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Objective : To identify and investigate differences in spinal fusion between the normal and osteopenic spine in a rat model.

Methods : Female Sprague Dawley rats underwent either an ovariectomy (OVX) or sham operation and were randomized into two 
groups: non-OVX group and OVX group. Eight weeks after OVX, unilateral lumbar spinal fusion was performed using autologous 
iliac bone. Bone density (BD) was measured 2 days and 8 weeks after fusion surgery. Microcomputed tomography was used to 
evaluate the process of bone fusion every two weeks for 8 weeks after fusion surgery. The fusion rate, fusion process, and bone 
volume parameters of fusion bed were compared between the two groups.

Results : BD was significantly higher in the non-OVX group than in the OVX group 2 days and 8 weeks after fusion surgery. The 
fusion rate in the non-OVX group was higher than that in the OVX group 8 weeks after surgery (p=0.044). The bony connection of 
bone fragments with transverse processes and bone formation between transverse processes in non-OVX group were significantly 
superior to those of OVX group from 6 weeks after fusion surgery. The compactness and bone maturation of fusion bed in non-OVX 
were prominent compared with the non-OVX group.

Conclusion : The fusion rate in OVX group was inferior to non-OVX group at late stage after fusion surgery. Bone maturation of 
fusion bed in the OVX group was inferior compared with the non-OVX group. Fusion enhancement strategies at early stage may be 
needed to patients with osteoporosis who need spine fusion surgery.
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INTRODUCTION

Although instrumentation and techniques for spinal fusion 

surgery have improved in recent years, a nonunion rate of 10–

40% limits its success and may negatively affect clinical out-

comes3,7,14). Therefore, an understanding of the biology of spi-

nal fusion is essential for spine surgeons. Clinically relevant 

animal models of lumbar fusion provide important biological, 
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histological, and radiological information about the fusion 

bed between the transverse processes (TPs)2,9). Endochondral 

bone formation via a cartilage intermediate occurs centrally 

in the fusion bed between the upper and lower halves of the 

bridging bone, and intramembranous bone formation occurs 

near the decorticated TPs14,21).

Osteoporosis induces negative bone remodeling, which de-

lays bone fusion1,8). Because osteoporosis is related to poor fu-

sion and bone stability, it is crucial to identify differences in 

the bone fusion process between the osteoporotic and non-

osteoporotic spine. The processes of fracture repair and spinal 

fusion have been described in nonosteoporotic animal mod-

els5,16). Fracture repair and spinal fusion progress through 

similar stages at the fracture site or fusion bed: an inflamma-

tory response, fibrocartilage formation, hard callus formation 

and bone remodeling16). An animal study found that if fusion 

had not occurred by 4 weeks after surgery, the fusion rate did 

not increase after 10 weeks4). Therefore, to overcome fusion 

failure in patients with osteoporosis, it is important to under-

stand whether there are differences between patients with and 

without osteoporosis during the early period of bone fusion. 

Few studies have investigated the negative influence of osteo-

porosis on the early period of fracture healing12,20). The bone 

formation in spine fusion is de no bone formation in disc 

space or inter-transverse processes that are not the area of 

bony structure. Because of that, we think the basic study relat-

ed with the bone formation in osteoporotic spine fusion 

should be needed. Many studies showed the effect of anti-os-

teoporosis on spine fusion in animal study14,15,17). These studies 

just described the difference of the fusion rate between non-

osteopenic and osteopenic animals. There is no study has 

compared the spinal fusion process in living osteopenic and 

nonosteopenic animal models. The aim of this study was to 

use microcomputed tomography (micro-CT) to identify and 

evaluate radiological differences in the spinal fusion process 

in living osteopenic and nonosteopenic rats.

MATERIALS AND METHODS

Animals
Ten-week-old female Sprague Dawley rats (n=36) were pur-

chased from Orient Bio (Seongnam, Korea) and housed singly 

in pathogen-free ventilated cages with a 12-h light/dark cycle. 

The rats were allowed free access to tap water and standard 

rodent chow (Cargill, Seongnam, Korea) that contained 1.35% 

(w/w) calcium, 0.44% (w/w) phosphate, and no vitamin D. Al-

though a low-calcium diet (<0.3% w/w) can lower bone min-

eral density (BMD), the chow used here does not affect 

BMD13).

Experimental design and surgery
After 2 weeks of acclimatization, 18 rats underwent ovariec-

tomy (OVX) to induce osteopenia, and the other 18 under-

went a sham operation. There was a significant decrease in 

BMD six weeks after OVX in the rat14). Therefore, after 8 

weeks, all rats underwent unilateral posterolateral intertrans-

verse fusion with autologous iliac bone (AIB). Anesthesia was 

induced with 5% isoflurane and maintained with 2.5% iso-

flurane; during maintenance, oxygen was supplied through a 

coaxial nose cone. A posterior midline incision was made over 

the spinous process on L4–5. After the right-side dorsal inci-

sion, the L4 and L5 TPs were exposed by muscle splitting be-

tween the multifidus and erector spinae muscles4,19). The cor-

tical bone of the L4 and L5 TPs was decorticated with an 

electric burr under microscopy, and about 0.25 g of AIB was 

harvested from the ipsilateral iliac bone. The AIB was inserted 

between the decorticated L4 and L5 TPs.

The 36 rats were divided into two groups: the OVX group 

(bilateral OVX+fusion using AIB) and the non-OVX group 

(sham operated+fusion using AIB). Micro-computed to-

mograpry (CT)  images were taken every 2 weeks for 8 weeks 

in all rats (Fig. 1). Bone fusion rates and bone density (BD) 

were obtained from the serial micro-CT images. This experi-

mental protocol was approved by the Institutional Animal 

Care and Use Committee.

To assess fusion and measure BD, three-dimensional (3D) 

micro-CT was performed (NFR-Polaris-G90; NanoFocusRay, 

Jeonju, Korea) on postoperative day 2 and every 2 weeks for 8 

weeks after the fusion surgery. Scans were taken from the low-

er endplate of the S2 vertebral body and proceeded cranially; 

the scans included 720° views and were acquired at 70 kVp, 80 

µA, and 100 ms per frame. The reconstructed image size was 

1024×1024 pixels; the voxel size was 56.179 µm×56.179 µm×

123.594 µm, and 512 slices were acquired. Successful fusion re-

sults in the presence of a bony continuity from the upper TP 

to the lower TP in the grafted bed. Therefore, we defined fu-

sion as the simultaneous presence of a connection of bridging 
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bone to the TPs and bridging bone between the TPs (Fig. 2B). 

After fusion, the grafted bone fragments are united with new 

bone material and the TPs. In osteoporosis, the union of bone 

fragments may be weaker compared with healthy bone be-

cause of an imbalance of osteoblast and osteoclast activities 

during bone remodeling. Therefore, if there was bridging bone 

between the TPs, but the bridging bone had no bony connec-

tion with the TPs, this was defined as nonfusion (Fig. 2A). To 

assess the degree of union of bone fragments in the fusion bed, 

bone morphometric indices, including bone volume (BV) 

fraction (BV/tissue volume [TV]; BV/TV), bone surface (BS) 

and specific BS ratio (BS/BV; BS/BV) of the fusion bed, were 

calculated using a 3D reconstructed image6). BV fraction was 

defined as the ratio of segmented BV to the total volume of the 

region of interest, and specific BS was defined as the ratio of 

the segmented BS to the segmented BV6). Therefore, a high 

bone fraction and a low BS in the fusion bed indicated new 

bone formation and a close connection between bone frag-

ments, which we termed compactness. To evaluate the bone 

fusion process, including the compactness at the graft site, the 

axial image was converted to a 3D image using Digital Imag-

ing and Communications in Medicine software (Lucion, Infi-

nite, Seoul, Korea)15). To identify BD at 2 days and 8 weeks af-

ter fusion surgery, we measured the area between the upper 

endplate of L4 and the lower endplate of L5 with a threshold of 

>700 Hounsfield units15). The fusion rate, presence of a fusion 

mass connected to the TP and bridging bone between TPs, 

and bone compactness as an indication of bone remodeling, 

were assessed every 2 weeks after fusion surgery and compared 

between the groups.

Statistical analysis
The results are presented as mean±standard deviation. The 

Pearson chi-square test was used to identify significant differ-

ences in fusion status between the groups. The difference in 

fusion rate over time in each group was analyzed using the 

McNemar test. A two-sample t-test was used to identify sig-

nificant differences in BD and bone morphometric indices be-

tween the groups. A p-value <0.05 was considered significant.

RESULTS

Bone density
As expected, there was a significant difference in BD be-

tween the non-OVX group and the OVX group at 2 days and 

8 weeks after fusion surgery (1.32±0.134 g/cm3 and 1.30±0.117 

g/cm3, respectively; p<0.0001, and 1.32±0.191 g/cm3 and 1.29±

0.006 g/cm3, respectively; p=0.000). Therefore, the OVX group 

was osteopenic relative to the non-OVX group.

Fusion rate and fusion process
The fusion rates of non-OVX vs. OVX groups at 2, 4, 6 and 

8 weeks were 0% (0/18) vs. 5.6% (1/18) (p=0.310), 11.1% (2/18) 

vs. 11.1% (2/18) (p=1.000), 38.9% (7/18) vs. 22.8% (4/18) 

Non-OVX group

N=18

N=18

Sham

OVX

OVX group

Posterolateral fusion with autobone

<Continuous micro CT / every two weeks>

Bone desity

8 wks 16 wks

Euthanasia

Posterolateral fusion with autobone

<Continuous micro CT / every two weeks>

Bone desity

8 wks 16 wks

Euthanasia

Fig. 1. Experimental groups and time schedule. Eighteen rats underwent 
bilateral OVX (OVX group), and another 18 rats underwent a sham operation 
(non-OVX group). Eight weeks after OVX, all rats underwent unilateral spinal 
fusion using autologous iliac bone. Sequential micro-CT evaluations in all 
rats were obtained every 2 weeks for 8 weeks after surgery. Bone density of 
all rats was assessed at 2 days and 8 weeks after fusion surgery. OVX : 
ovariectomy, micro-CT : microcomputed tomography. 
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Fig. 2. Assessment of fusion processes using three-dimensional (3D) 
images. The scheme and 3D reconstructed images show nonfusion (A) and 
fusion (B). Fusion was defined as the simultaneous presence of bridging 
bone and the connection of bridging bone to both upper and lower TPs. 
The shape of the bone fragments in 3D reconstructed image A (asterisk) 
does not appear as compact as that in 3D reconstructed image B (asterisk). 
VB : vertebral body, TP : transverse process.
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(p=0.278) and 61.1% (11/18) vs. 27.8% (5/18) (p=0.044), respec-

tively. In the non-OVX group, the fusion rate at 6 and 8 weeks 

postfusion surgery increased significantly compared with that 

at 4 weeks postfusion surgery (p=0.096 and p=0.022, respec-

tively). However, in the OVX group, there was no significant 

difference in the fusion rates at 4, 6, or 8 weeks postsurgery.

The bony connection of bone fragments with TPs occurs 

around decorticated TPs and may be produced mainly by in-

tramembranous ossification2). Until 4 weeks after fusion sur-

gery, there was no significant difference between the groups in 

the rate of bony connection. However, the rate of bony con-

nection in the non-OVX group was higher than that in the 

OVX group at 6 and 8 weeks postfusion surgery (66.7% vs. 

22.2%, p=0.007 and 72.2% vs. 27.8%, p=0.008, respectively). 

However, endochondral bone formation is involved in the for-

mation of the fusion mass as bridging bone between TPs14). 

The rate of presence of bridging bone between TPs in the non-

OVX and OVX groups did not differ significantly at 4 weeks 

(38.7% vs. 22.2%, p=0.278). However, the rates of bridging 

bone in the non-OVX group at 6 and 8 weeks were superior to 

those in the OVX group (61.1% vs. 22.2%, p=0.018 and 66.7% 

vs. 27.8%, p=0.019, respectively) (Fig. 3).

There was no significant difference between the two groups 

in the bone morphometric indices immediately after fusion 

surgery. However, the mean value of BV/TV in the non-OVX 

group was significantly higher than that of the OVX group 4 

weeks after fusion surgery (p=0.000), and the mean values of 

BS and BS/BV in the non-OVX group were lower than those 

in the OVX group (Table 1). In other words, the volume of 

bone mass in the fusion bed in the non-OVX group increased, 

and the amount of the surface of the bone mass that consisted 

of bone fragments decreased compared with those in the 

OVX group. These results demonstrated that the union of 

bone fragments in the fusion bed was superior in the non-

OVX group compared with the OVX group. The compactness 

of the fusion bed is shown in the 3D reconstructed image (Fig. 

4). The bone materials in the fusion bed in the OVX group 

were not fused and became scattered. Therefore, the shape of 

the bridging bone did not appear as compact as that in the 

non-OVX group. In addition, if the OVX group did not ex-

hibit a bony continuity of the fusion bed to the TP by the 

middle of the fusion period (4 weeks postsurgery), the fusion 

of bridging bone to TP did not occur before the end of the 

study.

DISCUSSION

The present study showed radiological differences between 

living osteopenic and nonosteopenic rats in the spinal fusion 

process measured longitudinally using micro-CT. Intramem-

branous bone formation occurs in the area near the TPs, and 
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Fig. 3. Comparison of the fusion process between two groups. This 
graph shows the difference between non-OVX and OVX groups in fusion 
rate (A), and the ratios of the presence of a bony connection with the TP 
(B) and bridging bone between TPs (C) at postoperative weeks 2, 4, 6 and 
8 (asterisk, p<0.05). OVX : ovariectomy, TP : transverse process. 
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endochondral bone formation, which involves bone formation 

through a cartilage intermediate, occurs centrally at the inter-

face between the upper and lower halves of the bridging 

bone21). From the mid- to late stages of bone formation, bone 

formation extends toward the central zone and cartilage dis-

appears simultaneously with bone formation in the central 

area3,5,18). The present study showed the rates of union of bone 

fragments between the TPs and the connection of bone frag-

ments to the TP were superior in the non-OVX group com-

pared with the OVX group at 6 and 8 weeks after fusion sur-

gery. These results suggest that the OVX group had less 

prominent endochondral bone formation and less bone matu-

ration than the non-OVX group.

Osteoporosis can reduce osteoblast ability, vascularity, and 

bone marrow quality in the fusion bed14). As shown in the 

present study, this can adversely affect the fusion bed. In our 

study, the intramembranous bone that formed around the de-

corticated TPs in the OVX group was weaker than that in the 

non-OVX group. In addition, the formation of bone through 

endochondral ossification in the fusion bed center was poorer 

in the OVX group than in the non-OVX group. From imme-

diately after fusion surgery to 8 weeks postsurgery, the BV ra-

tio in the non-OVX group increased significantly compared 

with that in the OVX group. However, the BS ratio of the non-

OVX group decreased significantly. In other words, in the lat-

er stages, the process of compaction of the bridging bone 

through bone remodeling was less complete, suggesting that 

after spinal fusion, osteoporosis negatively affected endochon-

dral bone formation and bone maturation by bone remodel-

ing. Because the cellular changes after the loss of estrogen in-

clude reduced osteoblastogenesis and osteoblast lifespan and 

increased osteoclastogenesis and osteoclast lifespan, the activ-

ity of bone formation in the OVX group may decrease at later 

stages14). Therefore, the ratio of bone formation may be equal 

in the OVX and non-OVX groups during the early period of 

bone formation; however, in the later stages, bone formation 

in the OVX group may decrease compared with that in the 

non-OVX group. Because of these differences, spine surgeons 

Table 1. Bone morphometric indices on fusion bed of both groups

G I G II p-value

BV/TV Postop. 0 wk 4.15±0.408 3.97±0.349 0.356

Postop. 4 wk 4.87±0.589 3.34±0.305 0.000

Postop. 8 wk 4.78±0.563 3.48±0.302 0.000

BS Postop. 0 wk 32.54±3.675 34.55±2.679 0.070

Postop. 4 wk 31.21±3.178 36.21±3.379 0.000

Postop. 8 wk 29.82±3.384 35.15±3.181 0.000

BS/BV Postop. 0 wk 81.54±10.431 84.76±7.743 0.301

Postop. 4 wk 53.01±7.871 82.84±8.43 0.000

Postop. 8 wk 25.92±23.346 82.92±8.902 0.000

BV/TV of non-OVF group was higher compared to the values of OVF group at 4 and 8 weeks. However, mean values of BS and BV in non-OVF 
group were lower than those in OVF group. G I : non-OVF group, G II : OVF group, BV : bone volume, TV : tissue volume, BS : bone surface, Postop. : 
postoperative, wk : week 

non-OVX group

Transverse process

Transverse process

0 w 2 w 4 w 6 w 8 w

0 w 2 w 4 w 6 w 8 wOVX group

★

Fig. 4. Micro-CT scanning of fusion masses. The figures show 3D 
reconstructed images from both groups after surgery. The picture in the 
upper row shows serial 3D reconstructed images from a rat in the non-
OVX group. The grafted bone materials were inserted on the fusion bed 
between the L4 and L5 TPs. The shape of the bridging bone 8 weeks after 
surgery (asterisk) was more compact than that in the early period after 
surgery. The picture in the lower row is a 3D reconstructed image from a 
rat in the OVX group. The shape of the grafted bone at 8 weeks was less 
compact in the OVX group (arrow) than in the non-OVX group. Micro-CT : 
microcomputed tomography, OVX : ovariectomy, TP : transverse process. 
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should consider the type of graft, the amount of graft materi-

al, and the contact surface of the graft material with the fusion 

bed to increase the fusion rate in osteoporosis patients who 

need spine fusion surgery.

The present study used micro-CT to evaluate the bone fu-

sion process in a living rat model. The rats did not need to be 

euthanized, and the spine fusion process could be studied 

longitudinally using micro-CT in transiently anesthetized liv-

ing rats. Most previous studies have described changes in the 

fusion segments obtained from euthanized animals10,11,17). Al-

though the number of rats in the present study was small, the 

analysis of serial images of living rats may be more meaning-

ful than the analysis of spinal specimens obtained from dif-

ferent rats at different time points.

This study did have some limitations. Although we ana-

lyzed serial images of living rats, the number of rats was too 

small to allow a strong conclusion that would be clinically 

meaningful. Future studies with a larger number of rats with 

osteopenic and nonosteopenic spines are needed. To clarify 

the difference of endochondral and intramembranous ossifi-

cation between osteopenic and nonosteopenic rats, histologi-

cal analysis should be shown. There was no histological result 

in the present study. Although we could not show the endo-

chondral and intramembranous ossifications due to the ab-

sence of histologic evaluation, we got the meaningful result 

with the difference of fusion rate using micro-CT. In the pres-

ent study, we used only micro-CT to identify and evaluate ra-

diological differences, and we did not collect quantitative data 

about newly formed bone in the fusion bed. Histological anal-

ysis and estimation of bone turnover markers are needed to 

evaluate the differences in the fusion process between the 

nonosteopenic and osteopenic spine.

CONCLUSION

The estrogen-deficient OVX rat group had less endochon-

dral and intramembranous bone formation and bone remod-

eling compared with the non-OVX group. To increase the fu-

sion rate in the osteopenic spine, strategies are needed to 

increase bone formation in the early and middle stages after 

fusion surgery.
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