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Abstract: Three-dimensional (3D) printed titanium (Ti-6Al-4V alloy) cages are widely used for spinal fusion applica-
tions. However, the structural design and shape of the cages are a major determinant of the optimal clinical out-
come. In this study, we constructed a newly designed 3D-printed helical-shaped titanium cage (HTC) with a flexible 
body, and compared its healing and fusion efficacy in cervical vertebral defects after corpectomy in rabbits to that 
of a 3D-printed traditional titanium cage (TTC). We performed radiological examinations 1 and 16 weeks after TTC 
and HTC implantation. We assessed bone ingrowth in TTC and HTC using micro-computed tomography (micro-CT) 
and histological staining of tissue sections at 16 weeks. The radiographic data showed that the HTC-implanted 
group had better restoration of vertebral height than the TTC group, indicating a lower risk of cage subsidence. The 
micro-CT and histological observations showed that HTC promoted bone regeneration and osseointegration more 
effectively than TTC. Histomorphometry further revealed significant new bone formation in the HTC group compared 
to the TTC group. These findings demonstrate that HTC has better healing and bone fusion effects than TTC in cervi-
cal vertebral defects in rabbits, indicating its potential clinical value.
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Introduction

Anterior cervical corpectomy and fusion (ACCF) 
is an effective procedure for the treatment of 
degenerative cervical spine pathologies, espe-
cially cervical spondylotic myelopathy (CSM) 
and ossified posterior longitudinal ligaments 
(OPLL) [1, 2]. ACCF involves decompression of 
the spinal cord and reconstruction of the dam-
aged vertebrae [3]. After the corpectomy, the 
vertebral defects are commonly reconstructed 
with autogenous bone grafts and allografts [2, 
4, 5]. However, use of these bone grafts is lim-
ited due to donor-site morbidity and other seri-
ous complications, such as pain, infection, and 
hematomas. To fix these issues, cervical recon-
struction with a titanium mesh cage (TMC) is 
effectively performed after corpectomy due to 
its clinical efficacy, biocompatibility, high fusion 
rate, and ability to restore spinal alignment 
[6-9].

However, TMC subsidence is frequently ob- 
served during the early postoperative period 
due to its higher elastic modulus and stress-
shielding effect [10, 11]. Subsidence is defined 
as the loss of vertebral height between adja-
cent vertebral endplates after ACCF, and is a 
common mechanical complication affecting up 
to 93.3% of cases [12]. In addition, many stud-
ies have reported problems with TMC design 
and shape, which might affect cage subsidence 
and the bone fusion rate. The traditional TMC 
has a limited area of contact with the endplate, 
resulting in implant failure after implantation 
[13]. Various methods, such as use of an end 
cap, anatomical cage, dome-shaped cage, and 
fornix-shaped cage, have been proposed to 
address these problems [11, 13, 14].

Recently, three-dimensional (3D) printing has 
been used to fabricate titanium (Ti) implants for 
bone tissue engineering and spinal fusion appli-
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cations. 3D printing can introduce various de- 
signs and shapes of Ti implants with low ela- 
stic moduli via computer-aided design (CAD). 
Therefore, 3D-printed Ti implants with an 
appropriate shape can be produced for spinal 
fusion surgery with a lower risk of cage subsid-
ence, uniform surface, and porous structure 
[15-17]. Moreover, 3D printing can be used to 
fabricate implants with a rough surface to 
enhance osseointegration at the implantation 
site [18-21].

In the present study, we fabricated a novel 
3D-printed helical-shaped titanium cage (HTC) 
with a flexible body, and compared it with a 
3D-printed traditional titanium cage (TTC) in 
terms of healing and bone fusion of cervical 
vertebral defects after corpectomy in a rabbit 
model. We also evaluated the height of the 
operated vertebral segment after implantation 
to investigate cage subsidence risk.

Materials and methods

Implant material and fabrication technology

Powdered Ti-6Al-4V ELI alloy (ASTM standard, 
grade 23) was used to fabricate the 3D-printed 
samples in this study. The implants were ini-
tially designed using CAD and then a 3D-printer 
(M280; EOS, Krailling, Germany) was used to 
fabricate the final scaffold via direct metal laser 
sintering [22, 23]. Each cage has two points for 
screw insertion.

Morphology and mechanical properties

A digital microscope was used to observe the 
shape and design of the samples in various 
positions. The surface morphology of the sam-
ples was investigated by scanning electron 
microscopy (SEM) (635F; JEOL, Tokyo, Japan). 
Briefly, the sample was placed in the SEM  
holder and sputter-coated with platinum (Cres- 
sington 108 Auto; JEOL) before SEM scanning. 
SEM images were taken at an acceleration volt-
age of 5 kV.

Mechanical testing of the TTC and HTC was  
performed using a universal testing machine 
(UTM; R & B, Seoul, South Korea). Three sam-
ples were used for each group. Compression 
was conducted at a rate of 0.5 mm/min during 
testing, and the load-displacement curves of 
the cages were obtained.

In vivo study 

Animal models and ethics: Fourteen male New 
Zealand white (NZW) rabbits were purchased 
and raised in individual stainless steel cages 
for 7 days (as an acclimatization period) before 
surgery. Standard food and water were provid-
ed ad libitum throughout the study period. The 
animals were divided into two groups (both 
n=7), implanted with the TTC or HTC. The ani-
mal experiments were performed using a  
protocol approved by the Animal Ethics Com- 
mittee of Soonchunhyang University Bucheon 
Hospital (approval number: SCABCA 2019-09; 
approval date: July 2019).

Surgical procedure: The animals were anesthe-
tized with 5% isoflurane and a vaporizer mask 
was attached to maintain anesthesia and oxy-
gen supply. The animals underwent surgery on 
an operating table in the supine position, with 
the neck extended but slightly flexed from the 
straight position to relieve the airway and allow 
placement of the vaporizer mask. A flexed neck 
position was important to maintain the airway 
and reduce respiratory distress during the  
cervical corpectomy surgery. After shaving the 
hair on the anterior part of the neck, the area 
was disinfected with 70% alcohol followed by 
10% povidone-iodine solution, to prevent infec-
tion in the surgical area. The entire procedure 
was performed under a surgical microscope. 
We used a standard right anterior approach to 
expose the cervical spine through a 3-4 cm ver-
tical incision for single-level corpectomy [24]. 
Briefly, the skin and platysma were incised ver-
tically (Figure 3A) to expose the vertebral bod-
ies and discs (Figure 3B). Depending on the 
size of the 3D-printed cage, an electric drill  
was used to prepare the corpectomy defects 
(Figure 3C). However, no attempt was made to 
excise the posterior longitudinal ligament or 
expose the spinal canal. The cage was implant-
ed in the defect (Figure 3D) and immobilized 
with two screws (Figure 3E and 3F). The inci-
sion site was cleaned with saline and sutured in 
a layer-by-layer manner.

Postoperative management and extraction of 
cervical spine

Analgesics and antibiotics were injected for 3 
consecutive days to relieve pain and prevent 
postoperative infection, respectively. After 16 
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weeks, the animals were euthanized and the 
cervical spine was extracted, followed by fixa-
tion in 10% neutral buffered formalin for further 
analyses.

Radiography and micro-computed tomography 
(Micro-CT) evaluation: Anteroposterior and lat-
eral radiographs of the animals were obtained 
1 and 16 weeks after the surgery. Cage dislo- 
cation, segment height of the operated verte-
brae, and instrument stability were compared 
between 1 and 16 weeks using radiographs.

Micro-CT of the implanted cages was per-
formed using a SkyScan Desktop Micro-CT 
1172 (Bruker, Billerica, MA, USA), with a source 
voltage of 60 kV and current of 167 mA. The 
data were reconstructed with NRecon software 
and analyzed with CTAn software to calculate 
the bone volume/tissue volume (BV/TV) ratio in 
the implanted cages.

Histological and histomorphometric analysis: 
After nondestructive micro-CT analysis, the 
specimens were dehydrated through an al- 
cohol series (70-100%) for histological evalua-
tion. The specimens were immersed in Tech- 
novit 7200 solution (Kulzer, Hanau, Germany) 
for 7 days. The samples were embedded in 
methyl-methacrylate resin (Sigma-Aldrich) and 
cut into sections about 40 μm thick. The sam-
ples were stained with hematoxylin and eosin 
(H & E) and Goldner’s trichrome to evaluate 
new bone formation in the cages and osseoin-
tegration with the host bone. The slides were 
mounted, and images were acquired with a flu-
orescence microscope. For histomorphometry, 
the stained tissue sections were analyzed by 
Image-Pro Plus software to calculate new bone 
formation.

Statistical analysis

All tests were conducted at least in triplicate. 
All data are expressed as the mean ± standard 
deviation (SD). Group differences in radiologi-
cal data were calculated using Student’s t- 
test. The micro-CT and histomorphometry mea-
surements were analyzed statistically using 
one-way analysis of variance (ANOVA) followed 
by the post hoc Tukey’s test. The results  
were considered statistically significant when 
P<0.05.

Results

Implant morphology and compressive strength

Digital microscopy was used to inspect the 
gross structure and shape of the TTC and HTC, 
as shown in Figure 1. Top and rear views of TTC 
and HTC revealed that TTC was a simply de- 
signed cage with a larger gap (1 mm) between 
the horizontal layer and HTC had a helical shape 
in the body. Digital microscopy of the TTC 
(Figure 1E) showed an empty inner cavity, 
whereas the HTC (Figure 1F) had an hourglass-
shaped inner cavity.

SEM images of the TTC and HTC are shown in 
Figure 2A and 2B, respectively, where higher-
magnification images revealed that both sam-
ples had a rough surface. HTC showed a more 
uniform surface structure (Figure 2B). The 
load–displacement indicated that TTC had 
comparatively higher compressive strength 
than HTC (Figure 2C).

In vivo performance

One animal died during surgery due to overex-
posure to anesthesia and excessive bleeding. 
We replaced it with a new animal from the same 
group. There were no significant differences in 
operating time or bleeding amount between the 
two groups. The peripheral oxygen saturation 
(SpO2) level was excellent during the operation 
in both groups. No abnormalities were detected 
in any animals after implantation.

Radiological outcomes

Only one cage dislocation/migration was de- 
tected in a TTC-implanted group at the final fol-
low-up x-ray examination (16 weeks). Radio- 
graphs confirmed that the TTC and HTC inte-
grated well and were stable in the defect site 
(Figure 4A). No infection or inflammation of the 
surgical site was observed. The average seg-
ment height of the TTC was 23.3±2.1 mm 1 
week after implantation surgery and 21.6±1.8 
mm at 16 weeks (Table 1). The average seg-
mental heights of the HTC at 1 and 16 weeks 
after the operation were 22.8±1.4 and 21.9± 
1.1 mm, respectively. The mean reductions of 
segmental height in the TTC and HTC groups 
were 1.8±0.4 and 0.91±0.3 mm, respectively 
(Table 1). As shown in Figure 4B, the TTC group 
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showed a significant loss of vertebral segment 
height compared to the HTC group.

Micro-CT analysis

Micro-CT scanning indicated that the cages 
were well integrated and stable between the 
material and host bone, as shown by two-
dimensional (2D) and 3D micro-CT images, 
respectively (Figure 5B and 5C). No halo  
formation was observed around the inserted 
screws. The BV/TV ratio was significantly higher 
in the HTC than TTC group (25.67±1.78 vs. 
17.65±1.67, respectively, P<0.01) (Figure 5A).

Histological observation and histomorphomet-
ric analysis

The TTC and HTC were investigated histologi-
cally 16 weeks after implantation in rabbit cer-
vical vertebral defects. H & E and Goldner’s tri-

chrome staining revealed no inflammatory cell 
infiltration in either implant. HTC showed better 
contact with the bone than TTC. Histological 
sections also showed more new bone forma-
tion with HTC than TTC around the implanted 
area at 16 weeks after implantation (Figures 6 
and 7). The new bone extended into the inner 
side of the HTC, indicating greater bone regen-
eration capacity of HTC than TTC. Furthermore, 
more mineralized bone was observed in the 
HTC than TTC group (Figure 7). In addition, his-
tomorphometric analysis revealed that HTC 
was associated with significantly more new 
bone formation than TTC, as shown in Figure 8 
(P<0.05).

Discussion

Implant design and shape play vital roles in 
improving osseointegration and osteogenesis 

Figure 1. Digital photographs of a traditional titanium cage (TTC) and helical-shaped titanium cage (HTC) showing 
their gross morphology and design. Top and rear views showed that TTC (A, C) had a conventional structure with a 
larger gap between horizontal layers, while HTC (B, D) had a helical shape. Internal views of the TTC (E) and HTC (F) 
showed that TTC had an inner cavity, whereas HTC had a more complex structure.
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at the implantation site, and therefore signifi-
cantly affecting bone defect reconstruction 
and remodeling [25-27]. Bone remodeling and 

new bone formation are also associated with 
load-bearing capacity according to Wolff’s law 
[28]. Ti implants with a conventional shape and 

Figure 2. Scanning electron microscopy (SEM) imaging and load-
displacement curves of the traditional titanium cage (TTC) and 
helical-shaped titanium cage (HTC). SEM analysis of the TTC (A) 
and HTC (B) showed the rough surfaces of both samples. (C) 
Load-displacement curves of the TTC and HTC revealed the sta-
tus of the compressive strength of TTC and HTC. 

Figure 3. Implantation procedure. A. Skin incision and dissection of the muscles; the black arrow indicates the 
carotid artery. B. The spine and vertebral body (yellow arrow) were exposed by careful dissection. C. A defect (white 
arrow) was made in the C3/C4 vertebral body with an electric drill. D. The titanium cage was implanted in the defect 
indicated by the red arrow. E. Two holes were made with a drill to attach the screws (green arrow). F. The screws were 
then attached at the point shown by the blue arrow. G. Final view of the implanted cage.
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solid design have a poor bone regeneration 
effect [29]. To resolve this issue and enhance 
osteogenesis, a number of porous implants 
with greater biocompatibility (which facilitates 
bone fusion) have been designed and fabricat-
ed using 3D printing [30]. Furthermore, the 
stress-shielding effect might also be prevented 
by modifying the implant’s design and porous 
structure to reduce the elastic modulus closer 
to that of the host bone [19]. In this study, the 
HTC with a porous helical-shaped structure was 
investigated for its ability to promote cervical 
vertebral defect healing relative to the TTC.

Surface roughness is a crucial parameter that 
enhances the biomedical performance of Ti 
implants by promoting bone cell differentiation 
both in vitro and in vivo [31-33]. Rough surfac-
es were generated by 3D printing in the TTC 
and HTC in this study, as revealed by SEM 
(Figure 2A and 2B), and resulted in a favorable 
interaction between the implant and host tis-
sue. In addition, variation in the shape and 
porous structure of the Ti implants provided dif-
ferent biocompatibility results in vitro and in 
vivo [34, 35]. However, there has been no previ-
ous report of Ti cage implantation in a cervical 

Figure 4. Radiographic analysis. A. Radiographs and vertebral segment height of the traditional titanium cage (TTC) 
and helical-shaped titanium cage (HTC)-implanted rabbits 1 and 16 weeks after surgery; the images showed the 
proper implantation and stabilization of the cages in the defect. B. Comparison of the loss of segment height after 
implantation with the TTC and HTC; similar lateral radiographs were used to compare the segment height between 
1 and 16 weeks after implantation. The segment height was significantly reduced in the TTC compared to the HTC, 
so the TTC was associated with a significantly greater risk of cage subsidence during the postoperative period. All 
data are expressed as the mean ± standard deviation (SD). ***P<0.001.

Table 1. Radiological outcomes
Parameters TTC group HTC group P-value
Mean segmental height after the operation, mm 23.3±2.1 22.8±1.4 0.4595
Mean segmental height after the final follow-up, mm 21.6±1.8 21.9±1.1 0.6025
Mean reduction in height (subsidence), mm 1.8±0.4 0.91±0.3 0.0001
Cage migration 1 0
Screw pull-out 1 0
Screw loosening 0 1
Screw breakage 0 0
Values are number or mean ± standard deviation (SD). TTC, traditional titanium cage; HTC, helical-shaped titanium cage.
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Figure 5. Micro-computed tomography (micro-CT) analysis. A. Analysis of the bone volume fraction (BV/TV) 16 weeks 
after implantation revealed significantly more bone formation in the helical-shaped titanium cage (HTC) group com-
pared to the traditional titanium cage (TTC) group. B. Two-dimensional micro-CT images of the TTC and HTC 16 
weeks after implantation. C. Three-dimensional (3D) micro-CT reconstructed images of the TTC and HTC, where the 
cage is in red and the bone is grayish-white. All data are expressed as the mean ± standard deviation (SD). **P<0.01.
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vertebral defect model after corpectomy in rab-
bits. We performed corpectomy and induced 
vertebral defects in the cervical spine in NZW 
rabbits, and then implanted the TTC and HTC  
in the defects. We investigated the in vivo  
biocompatibility, implanted vertebral segment 
height, osseointegration, and bone ingrowth in 
the TTC and HTC groups at 16 weeks after 
implantation.

Cage subsidence is the most common compli-
cation after spinal surgery with Ti cages, and 
can lead to height loss in the surgical segment. 
The cage design and shape may affect cage 
subsidence and fusion after cervical fusion sur-

gery [36]. In this study, we measured the oper-
ated vertebral segment height after TTC and 
HTC implantation in a cervical corpectomy 
model as a predictor of cage subsidence risk. 
However, many clinical studies have used Ti 
cages with different designs and shapes for 
better cervical fusion and evaluation of cage 
subsidence. One study used a flanged TMC for 
reconstruction of the CSM and achieved a 
favorable fusion outcome, although cage sub-
sidence occurred at a rate of 34% [8]. In anoth-
er study, a box-shaped Ti cage was implanted 
for anterior cervical fusion, but cage subsid-
ence occurred in a significant number of 
patients [37]. A dome-shaped cage was evalu-

Figure 6. Hematoxylin and eosin (H & E) stained histological sections of the traditional titanium cage (TTC) and he-
lical-shaped titanium cage (HTC)-implanted rabbit cervical vertebral defects at 16 weeks. A. TTC-implanted stained 
tissue sections at lower magnification. B. Higher magnified area of tissue section of TTC shows the integration 
between the implant and host bone. C. HTC-implanted histological tissue section at lower magnification. D. HTC-
implanted tissue section at higher magnification shows bone ingrowth in HTC and excellent osseointegration in the 
defect. The formation of new bone (in pink) was greater in the HTC group. The black arrows indicate the contact 
between the implant and host bone. Ti, cage material; NB, new bone; HB, host bone.

Figure 7. Goldner’s trichrome staining of the traditional titanium cage (TTC) and helical-shaped titanium cage (HTC) 
16 weeks after implantation in the cervical vertebral defects. A. Stained tissue section with TTC at lower magnifica-
tion. B. TTC at higher magnification shows bone formation in the TTC. C. HTC-implanted stained tissue section at 
lower magnification. D. HTC-implanted tissue section at higher magnification. Increased bone ingrowth and more 
mineralized bone were observed in the HTC compared to TTC. Ti, cage material; NB, new bone; HB, host bone.
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ated in a cervical corpectomy model, and ex- 
hibited anti-subsidence capacity [14]. In addi-
tion, wing-shaped Ti cages were implanted in 
patients undergoing cervical fusion in one 
study, and cage subsidence was evaluated 
[38]. Expandable Ti cages have also been used, 
but significant cage subsidence was reported 
[39]. Our result showed that the TTC implanted 
vertebral segment height was significantly 
reduced compared to the HTC, indicating that 
the TTC was more likely to be susceptible to 
cage subsidence (Figure 4B). The HTC enabled 
smooth body motion and had a good porous 
structure, which might result in lower rates of 
cage subsidence.

Bone ingrowth into cervical cages is inevitable 
after corpectomy to evaluate bone fusion effi-
cacy [40]. Moreover, proper osseointegration  
of Ti implants with host bone is necessary for 
successful healing of bone defects after im- 
plantation [33]. A significant difference in bone 
ingrowth was confirmed between the TTC and 
HTC in this study, by H & E and Goldner’s tri-
chrome staining (Figures 6 and 7). The HTC 
resulted in significant new bone formation, 

which was assumed to provide faster bone 
fusion after cervical corpectomy (Figure 8). In 
addition, excellent osseointegration around  
the HTC enhanced host bone-implant contact, 
so the inner structure of the HTC provided a 
larger surface area for new bone formation. 
However, the TTC was hollow inside, so bone 
apposition was low due to the poor surface 
area of the TTC. Our study suggested that the 
HTC could be effective for bone defect healing 
and bone fusion studies.

This study had some limitations: It investigat- 
ed cage subsidence using a rabbit corpectomy 
model, which was not sufficient for determining 
its clinical impact. Therefore, cage subsidence 
studies using TTC and HTC should be validated 
in large animal models.

In conclusion, we established a rabbit cervical 
corpectomy defect and implantation model. 
The HTC group showed enhanced osseointe-
gration and osteogenesis compared to the TTC 
group. This preclinical study confirmed the 
effectiveness of the HTC as a cervical cage, but 
further studies are required before clinical tri-
als can begin.
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