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Mid- and Long-Term Follow-Up Efficacy Analysis
of 3D-Printed Interbody Fusion Cages for Anterior

Cervical Discectomy and Fusion
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Run-tian Zhou, MM, De-tai Qi, MM, Wen-xuan Wang, MD

Department of Orthopaedics, The Second Hospital of Shanxi Medical University, Taiyuan, China

Objective: To evaluate the safety and stability of 3D-printed interbody fusion cages (3D-printed cages) in anterior cer-
vical discectomy and fusion (ACDF) by investigating the mid- and long-term follow-up outcomes.

Methods: In this prospective study, the clinical data of 30 patients with CSM admitted to the Second Hospital of Shanxi
Medical University from May 2012 to May 2014 were analyzed. The cohort comprised 18 males and 12 females with an
average age of 60.22 � 3.2 years. All patients were examined by X-ray, CT and MRI before the operation. A total of 30
cases of CSM were treated by ACDF with 3D printed cage implantation. Mid- and long-term follow-ups were performed
after the surgery. Clinical efficacy was evaluated by comparing the JOA score, SF-36 score, change in neurological func-
tion, cervical curvature index (CCI), vertebral intervertebral height (VIH) and fusion rate before the operation, 6 months
after the operation, and at the last follow-up.

Results: Two of the 30 patients were lost to follow-up. The remaining patients were followed up for 48–76 (65.23
� 3.54) months. The patients recovered satisfactorily with a significant clinical effect. The JOA score increased
meanfully and the improvement rate was 89.4% at the final follow-up. The SF-36 score increased significantly from
pre- to postoperatively. The height of the intervertebral space at the last follow-up was not statistically signifi-
cantly different from that at 6 months after surgery (P > 0.05), showing that the height of the intervertebral space
did not change much and the severity of cage subsidence (CS) decreased. The CCI improved from pre- to postop-
eratively. The CCI did not change much from the 6-month follow-up to the last follow-up. and the cage rate (CR)
was 100% at the 6-month and last follow-ups. No severe complications, such as spinal cord injury, esophageal fis-
tula, cerebrospinal fluid leakage, cervical hematoma or wound infection, occurred in any of the patients.

Conclusion: The clinical and radiological results show that the application of 3D-printed cages in ACDF can signifi-
cantly relieve symptoms. Moreover, 3D-printed cages can restore the curvature of the cervical spine, effectively main-
tain the intervertebral height for a long time, and prevent complications related to postoperative subsidence.
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Introduction

Ossification of the cervical posterior longitudinal ligament
and cervical disc herniation caused by cervical degener-

ation are common diseases of the spine. For individuals with

severe symptoms and for whom conservative treatment is
ineffective, surgery is the most direct and efficient treatment1.
Among other surgeries, anterior cervical spine surgery is rela-
tively less traumatic. It can be used to directly resect the
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diseased intervertebral disc and osteophyte behind the verte-
bral body and relieve the pressure on the posterior spinal cord
by direct decompression, thereby achieving complete decom-
pression 2. Simultaneously, it ensures satisfactory bone fusion,
a normal intervertebral height, a physiological curvature, and
cervical vertebral stability. Cloward3 and Smith and Robinson4

were the first to use anterior cervical discectomy and fusion
(ACDF) to treat cervical degenerative diseases. After several
years of development, ACDF has become the classic technique
for anterior cervical surgery. Additionally, ACDF has achieved
optimal clinical results, such as a good cervical fusion rate and
strong internal fixation.

For the grafts used in ACDF, iliac crest autografts are
still the gold standard, but donor site complications such as
infection, pain and fracture are prone to occur. To reduce
complications at the donor site, allogeneic bone grafts
instead of iliac crest autologous bone grafts have been used
more recently5, 6. However, there are some problems with
allogeneic bone; that is, the probability of subsidence, col-
lapse and nonunion is higher. It has been reported that the
incidence of collapse ranges from 5% to 62.5% when allo-
grafts are used in ACDF7–9.

More recently, interbody fusion cages have been used.
These cages can shorten the hospitalization time, reduce the
complications of transplantation and accelerate recovery10.
At present, the most widely used cage materials are titanium
alloy and polyether ether ketone (PEEK). The advantages of
titanium alloy cages are the excellent levels of corrosion
resistance, compression resistance and biocompatibility; the
disadvantage is that the elastic modulus is relatively high,
which may produce a stress shielding effect. A stress
shielding effect occurs when the Young’s moduli of the
implant device and the bone are different, and stress is not
transmitted between the implant device and the bone uni-
formly. The stress shielding effect leads to subsidence and
even displacement of the cage when titanium alloy is used.
The PEEK cage has the advantages of X-ray transmission,
good biocompatibility and an elastic modulus equivalent to
that of bone11. However, it also has disadvantages: the
hydrophobic layer on its surface cannot be adsorbed by pro-
teins or cells12, so a firm bone-fusion cage interface cannot
be formed, which affects the efficiency and effect of fusion
and leads to cage subsidence and displacement.

Glibson et al. found that metals with porous structures
can significantly decrease the Young’s modulus. These metals
seem to have the advantages of both titanium alloy and
PEEK but not the respective disadvantages.

The 3D-printed models were based on the digital
models. Plastic or powder metal materials were used to con-
struct objects by “layered manufacturing, layer-by-layer super-
imposition” technology13. At present, in the medical field, it is
also possible to manufacture ergonomically shaped objects
through this rapid manufacturing, high-precision and custom-
ized production method14. This method has the advantages of
precise, time-saving, and individualized treatment15, 16. With

the continuous development and advancement of 3D printing
technology in the medical field, in recent years, 3D printing
has been increasingly used in orthopedics17. It has been widely
used in the reconstruction of bone defects18–20, revision
arthroplasty21, spinal surgery22, and the treatment of complex
fractures23. 3D printing technology can be used to produce
prostheses with precise bone defect contours. It also promotes
bone growth in the trabecular hole at the bone-implant inter-
face, which can promote osseointegration and reduce the
long-term implant failure rate24, 25. When applied in cervical
spine surgery, this technology can not only achieve more pre-
cise treatment but also maximize the physiological function of
the cervical spine26. Generally, 3D-printed titanium cages have
good osteogenic induction performance, and the pore struc-
ture allows the cages to promote osteoblast growth and adher-
ence to the material surface27. Due to the porous structure,
3D-printed titanium cages are expected to induce osteogenesis
and exhibit an even coating. Therefore, we used a new 3D-
printed porous titanium interbody fusion cage, which is
expected to simulate the biomechanical properties of bone
minimize stress shielding and subsidence28.

Herein, we analyzed the clinical data of 30 patients with
cervical spondylotic myelopathy (CSM) treated by anterior
cervical discectomy, 3D printing cage implantation, and tita-
nium plate internal fixation in a prospective study. Moreover,
mid- and long-term follow-ups were conducted to evaluate
the clinical efficacy and imaging outcomes of these methods.

Data and Methods

Clinical Information
The current clinical research program was performed
according to the Helsinki Declaration and approved by the
Ethics Review Committee of the Second Hospital of Shanxi
Medical University (2018LL039). All participants signed
informed consent forms prior to participation in this study.

Patient information was collected prospectively
according to the inclusion and exclusion criteria. A total of
30 patients (18 males and 12 females) with CSM were treated
by anterior cervical discectomy, 3D printing cage implanta-
tion, and titanium plate internal fixation in the Second Affili-
ated Hospital of Shanxi Medical University in Taiyuan,
China, from May 2012–2014. The age of the cohort ranged
from 52–67 years, with an average of 60.22 � 3.2 years.
There were 26 cases of single-segment CSM: two cases at
the C3-4 segment, 14 cases at the C4-5 segment, seven cases
at the C5-6 segment, and three cases at the C6-7 segment.
There were four cases of double-segment CSM: one case
of CSM at the C3-4 and C4–5 segments, two cases at the
C4-5 and C5–6 segments, and one case at the C5-6 and C6–7

segments. Regarding the preoperative symptoms and signs
of CSM, limb numbness and weakness were found in
30 cases (100%), pathological signs were found in 16 cases
(53.33%), and limb muscle tension was found in
19 cases (63.33%).
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The inclusion criteria were: (i) CSM; (ii) planning to
undergo a surgical approach suitable for ACDF; and (iii) an
age ≥ 18 years.

The exclusion criteria were as follows: (i) complications
including cervical vertebral fractures, tumors, or infections;
(ii) nervous system diseases; (iii) immunosuppressive diseases;
and (iv) poor cardiopulmonary function or intolerance to sur-
gical stimulation.

General Information
The 3D-printed cage was created with titanium alloy pow-
der by electron beam machining (EMB). The overall struc-
ture was a black-gray wedge-shaped structure with a
porosity of 80% and a pore size of 800 � 200 μm. Its over-
all shape was wedge-shaped (viewed from the side), and
its upper top surface, which was the surface that made
contact with the lower endplate of the upper vertebral
body, was arc-shaped to increase the contact area. This
wedge-shaped structure was designed with three lordosis
angles to correct the curvature of the entire vertebral body:
0�, 4� and 8�. The left and right diameters were 15 mm
and 17 mm; the front and rear diameters were 12.5 mm
and 14 mm. There were seven heights, ranging from 4–
10 mm and increasing in increments of 1 mm. There was
a reserved bone graft window in the center, which was
designed to be used when bone grafting was required
under special circumstances (Fig. 1).

Evaluation Criteria and Follow-up
All the patients were examined by X-ray, computed tomogra-
phy (CT), and magnetic resonance imaging (MRI) preopera-
tively, 6 months after the operation, and at the last follow-up.
All the patients were followed up after the operation.

The JOA was used to assess the following four aspects
of spinal cord function: motor function of the upper limbs,
motor function of the lower limbs, sensation of the limbs
and trunk, and bladder function29. The highest score was
17 points, which indicated normal function, and the lower
the score was, the more obvious the dysfunction. This is a
reliable, validated assessment tool30, and the results are con-
sistent with psychometric characteristics31.

The JOA score was recorded preoperatively, at 6 months
after the operation and at the last follow-up. The rate of

improvement in the JOA score was calculated as follows
according to the results of the last follow-up: improvement
rate = (last follow-up JOA score - preoperative JOA score) /
(17 - preoperative JOA score) � 100%, i.e., improvement
rate = (improvement score/loss score) � 100%. The rate of
improvement was categorized as follows: an improvement
rate ≥ 80% was excellent; an improvement rate ≥ 50% was
good; and a rate < 50% was bad.

The SF-36 Score Was Used to Assess Each Patient’s
General Health Status
The SF-36 concise health questionnaire comprehensively
summarizes the quality of life of the surveyed participants
regarding eight aspects: physiological function, physiological
function, body pain, general health, energy, social function,
emotional function and mental health.

The SF-36 score is widely used to determine the quality
of life of individuals in the general population.

Neurological Function was Assessed Qualitatively Using
Odom’s Criteria
The level of neurological function was considered excellent
when no relevant cervical spondylosis symptoms were
observed and the patient could carry out their daily work;
good when there was occasional discomfort, but the symp-
toms did not affect the patient’s ability to perform daily
work; moderate when the symptoms of cervical spondylosis
improved but affected the patients ability to perform daily
work; and poor when there was no improvement and the
condition worsened.

The cervical curvature index (CCI) was calculated
using the Ishihara method to evaluate the cervical curva-
ture32. Line A of the inferior posterior angle of the C2 verte-
bra and the posterior inferior angle of the C7 vertebra was
deduced on the cervical lateral radiographs. The vertical lines
of connection A were made from the posterior and inferior
angles of the C3, C4, C5, and C6 vertebral bodies. Lines a1,
a2, a3, and a4 were identified. The lengths of the above lines
were measured. Values to the left side of the vertical line
were considered positive, and those to the right side were
negative (Fig. 2). CCI = 100 � (a1 + A2 + a3 + a4) / A.

For the vertebral disk height, as shown in Fig. 3, the
distance between the midpoint of the upper endplate of
the fused segment and the midpoint of the lower endplate of
the fused segment was measured on the lateral cervical
radiograph.

For the cage fusion rate, according to the FDA and
Kandziora criteria, the fusion status of the cervical fusion
cage with the titanium plate and screw internal fixation sys-
tem was evaluated. The fusion conditions with bone grafts
that fulfilled the following conditions were considered fused;
otherwise, the cases were considered nonfused.
1. X-ray taken in the cervical flexion-extension dynamic

position showed that the angle of the fusion intervertebral
body changed by <5�.Fig. 1 3D-printed cage.
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2. No obvious translucent bands around the fuser or dis-
placement were detected.

3. The titanium plate screw system did not loosen, and the
surrounding bone transparent area was <50% of its sur-
rounding surface.

Surgical Methods
The patient was placed in a supine position with slight neck
extension and was administered general anesthesia. A trans-
verse incision of the right neck was made between the thy-
roid cartilage and the cricoid cartilage. The lesions were
exposed layer by layer. C-arm X-ray was used to located the
lesion segment. The diseased intervertebral discs were

excised, the upper and lower vertebrae were distracted by the
distractor, and the osteophytes on the posterior margin of
the vertebral body were removed from the posterior longitu-
dinal ligament. The cartilage tissue adjacent to the endplate
was scraped, leading to osseous bleeding, and the 3D-printed
cage was selected to be fixed in the lesion responsibility
space. The appropriate anterior cervical titanium plate was
selected, and four screws were placed sequentially. The posi-
tion and depth of the titanium plate and screw were assessed
by C-arm fluoroscopy, thorough rinsing was performed, an
indwelling drainage tube was placed, the wound was closed
layer by layer, and the operation was completed (Figs 4
and 5).

Fig. 2 Cervical curvature (Ishihara method).

Fig. 3 Intervertebral height of the fused segment.

Fig. 4 The working principle of the 3D printed cage (coronal plane).

Fig. 5 The working principle of the 3D printed cage (sagittal plane).
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Statistical Analysis
The data were analyzed by SPSS 19.0 (SPSS Inc., Chicago,
IL), and the quantitative data are expressed as (�x�s). The
quantitative data included the JOA score, SF-36 score,
Odom’s standard for nerve function, cervical curvature and
intervertebral space height before surgery, at the 6-month
follow-up and at the last follow-up. The three groups of data
were compared and analyzed by the single factor repeated
measures variance analysis method. The qualitative data on
neurological function, regarding Odom’s standard grading
system, recorded before surgery, at the 6-month follow-up
and at the final follow-up were compared using the Kruskal-
Wallis H rank-sum test. The significance level α was
0.05 (Fig. 6).

Results

Surgery Situation
The operation was performed successfully in all 30 patients.
The operation time was 50–80 (average, 60.50 � 3.25) min,
and the bleeding volume was 40–70 (average, 50.35 � 4.27)
mL. The symptoms of cervical spondylosis significantly
improved in all patients. No severe complications, such as
spinal cord injury, esophageal fistula, neck hematoma,
wound infection or cerebrospinal fluid leakage, occurred in
any of the patients (Fig. 7).

Follow-up Data
All patients were followed up every 3 months in the first
year, every 6 months in the second year, and every year
thereafter. Two patients were completely lost to follow-up at
6 months after the operation, and the remaining 28 were
followed up for 48–76 (average, 65.23 � 3.54) months. The
follow-up period is still ongoing (Fig. 8).

Cervical Curvature Index
There was a significant main effect of the time point on the
total curvature of the cervical vertebra (F = 38.71,
P < 0.001). The CCI changed significantly from
10.08 � 1.21 preoperatively to 13.65 � 1.0 at 6 months
after the operation (t = 39.84, P < 0.05). The CCI value at
the last follow-up (13.51 � 0.86) was significantly different
from the preoperative value (t = 36.74, P < 0.05), but no
significant differences were detected between the 6-month

follow-up and either of the other time points (t = 2.59,
P > 0.05) (Table 1).

Vertebral Disk Height
There was a significant main effect of the time point on the
vertebral intervertebral height (F = 79.49, P < 0.001).
The height of the intervertebral space recovered from
35.58 � 0.85 preoperatively to 37.15 � 1.23 at 6 months
after the operation and 36.95 � 0.73 at the last follow-up.
The height of the intervertebral space at 6 months after the
operation was significantly higher than that before the
operation (P < 0.001). A significant difference was observed
between the last follow-up and the preoperative assessment
(P < 0.001), while no significant differences were detected
between the last follow-up and that at 6 months after the
operation (P > 0.05) (Table 2).

Odom Criteria for Neurological Function
There were significant differences across the preoperative
assessment, 6-month follow-up and final follow-up in neuro-
logical function according to Odom’s standard grading sys-
tem (χ2 = 433.33, P < 0.05) (Table 2). At 6 months after the
operation and at the last follow-up, significant improvements
occurred with respect to before the operation (χ2 = 20.868,
P < 0.05), while no significant differences were detected
between the last follow-up and that at 6 months after the
operation (χ2 = 3.501, P > 0.05).

Cage Fusion Rate
According to cervical X-ray findings, the cage fusion
rate was 100% at the 6-month and the last follow-ups.

Case 1: Fig. 6.

TABLE 1 Follow-up data for each group

Indexes Preoperative assessment Six-month follow-up Last follow-up

JOA score 9.78 � 0.96 16.13 � 0.72 16.47 � 0.61
SF-36 score 524.8 � 10.8 655.5 � 8.89 660.8 � 8.92
Cervical curvature (�) 10.08 � 1.21 13.65 � 1.03 13.51 � 0.86
Intervertebral pace height (mm) 35.58 � 0.85 37.15 � 1.23 36.9 � 0.73
Cage fusion rate - 100% 100%

TABLE 2 Neurological function Odom’s criteria

Time Excellent Good Poor Bad

Preoperatively 0 10 14 4
Six-month follow-up 15 7 6 0
The last follow-up 17 8 3 0

JOA scores; There as a significant main effect of the time point, including
the preoperative, 6-month follow-up and last follow-up time points, on.
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Case 2: Fig. 7.

A B C D

E F G H

Fig. 7 The patient was a 58-year-old male with

C5-6 cervical disc herniation. A, B The X-ray

before the operation is shown, and C, D the

postoperative X-ray is shown. E, F Six months

after the operation, C5-6 was fused, and G, H

72 months after the operation, there was no

loosening or prolapse of internal fixation.

A B C D

E F G H

Fig. 6 The patient was a 63-year-old male with

C5-6 segment disc herniation. The limbs were

numb and weak before the operation, fine

movements were difficult to complete with

either hand, and the Babinski and Hoffmann

sign test results were positive. The patient

gradually recovered muscle strength after the

operation, and the symptoms were relieved

with respect to before the operation. A, B The

preoperative X-ray is shown, C, D the

postoperative X-ray is shown, E, F the C5-6

segments were fused at 6 months after the

operation, G, H the cage was well positioned,

no loosening or breaking of titanium plate

screw was found, and the fusion status was

firm at 68 months after the operation.
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Case 3: Fig. 8.

Discussion

ACDF has become the standard treatment for degenera-
tive cervical disc disease. ACDF can restore the height

of the intervertebral space, as a cage that promotes fusion of
the adjacent vertebral bodies by the “stretching-compressing
tension band” effect is inserted. Cage implantation reduces
the loss of intervertebral height, reduces the occurrence of
intervertebral foramen stenosis, promotes the recovery of the
physiological cervical curvature, preserves cervical lordosis,
avoids cervical kyphosis deformities, reduces the pressure on
the spinal cord and nerve root, and prevents the degenera-
tion of adjacent segments33.

The ideal cage implant is biocompatible and has suffi-
cient physical and mechanical properties34. In this context,
we can conclude that 3D printing technology is a promising
method and is one of most suitable methods to make cages
to replace natural tissues in terms of function and structure.
Moreover, 3D-printed cages are three-dimensional porous
structures that are made of titanium alloy powder, with a
porosity of 80% and a pore size of 800 � 200 μm, and have
a bone-like trabecular structure. This structure can not only

have an elastic modulus equivalent to that of human cancel-
lous bone, reduce the stress shielding effect, and improve the
intervertebral fusion rate but also allow bone cells to grow
into it, forming a hinge between the bone and the implant
and enhancing the connection between the bone bed and the
implant35, 36. While the porous structure design effectively
reduces the elastic modulus of the material, the compressive
strength also decreases accordingly. Since the mechanical
strength and fatigue strength of the implants that are used as
load-bearing parts for a long time are equally important, the
mechanical strength and fatigue performance of this porous
cage may be of concern. Stamp et al.33 once proposed that to
achieve bone tissue ingrowth, the porosity of the implant
material should be greater than 65%, the elastic modulus
should be less than 3 GPa, and the compressive strength
should not be less than 50 MPa. Ramulu et al.34 found that
the fatigue strength of 3D printed Ti-6Al-4V alloy bulk
material is very high. Li et al.37 fabricated 3D printed porous
Ti-6Al-4V with porosities between 60% and 85% by the
EBM method to study its fatigue strength and found that the
fatigue index factor of 3D-printed regular Ti-6Al-4V porous

A B C D

E F G H

Fig. 8 The patient was a 60-year-old male with CSM (C3-4). A, B The X-ray before the operation is shown, and C, D the postoperative X-ray is shown.

E, F Six months after the operation, C5-6 was fused, and G, H 72 months after the operation, there was no loosening or prolapse of internal fixation.
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materials was twice that of random porous materials. This
finding shows that 3D printing is an ideal method for
processing porous materials. Yin et al.36 found that in terms of
mechanical testing, 3D-printed cages are superior to traditional
intervertebral fusion cages, which further verifies that 3D-
printed cages have good stability in cervical fusion surgery.

Another important factor that promotes fusion is the
rough surface of the 3D-printed cage, which is created by
melting Ti6Al4V particles. Compared with the smooth tita-
nium surface, the rough surface is more conducive to cell
adhesion37, 38. The cell adhesion rate is an important indica-
tor for studying the early biocompatibility of implants.
Strong adhesion can lead to rapid cell sedimentation and fast
differentiation, which promote osseointegration39–41.

A previous study showed42 that the size, shape, struc-
ture, and surface coating of the cages considerably affect the
efficiency and effectiveness of spinal fusion. Kim et al.43.
speculated that the protruding structure of the head side of
the cage increases the contact area with the endplate such
that the intervertebral stress can be uniformly transferred
and distributed on the cage, thereby promoting the growth
of bone tissue and the fusion of adjacent segments. The
curved surface was designed so that the upper surface of
the 3D printed cage made contact with the endplate. This
curved surface design increases the area of contact with the
upper endplate, promotes fusion between the vertebral bod-
ies and ensures intervertebral stability.

The left and right diameters were 15 mm and 17 mm,
and the anterior and posterior diameters were 12.5 mm and
14 mm the JOA score (F = 433.33, P < 0.001). The JOA
score at 6 months after the operation was significantly differ-
ent from that before the operation (t = 96.32, P < 0.05).
Additionally, a significant difference was observed between
the JOA score at the last follow-up and the preoperative JOA
score (t = 96.32, P < 0.05), while no significant difference
was detected between the last follow-up and the 6-month fol-
low-up (t = 0.243, P > 0.05). The rate of improvement in the
JOA score was 92.7%. At the last follow-up, the rate of
improvement rate in the JOA score was excellent in 24 cases,
good in five cases, and bad in one case.

SF-36 Score
There was a significant main effect of the time point on the
SF-36 score (F = 1534.35, P < 0.001). The SF-36 score at
6 months after the operation was significantly higher than
that before the operation (t = 1072.18, P < 0.05). A signifi-
cant difference in the score was detected between the last
follow-up after and before the operation (t = 1181.66,
P < 0.05). No significant differences were observed between
the last follow-up and 6-month follow-up (t = 74.18,
P > 0.05). A variety of cage specifications can be used to
match the specifications of an individual vertebral body
to the greatest extent. These specifications maximize the con-
tact area and produces a uniform stress distribution.

Studies have shown that maximizing the area of the
bone-hardware interface can minimize stress shielding and cage

subsidence. Serra et al.43 conducted the endplate matching test
and showed that 3D-printed cages were superior to other cages
in terms of compatibility with the cervical endplate, indicating
that 3D-printed cages yield better fixation stability.

Cage subsidence occurs when the cage enters the verte-
bral body with a relatively low elastic modulus. Cage subsi-
dence is inevitable after ACDF. Fujibayashi et al.44 suggested
that there was 1–2 mm subsidence in the early stage after
anterior cervical surgery. Most cage subsidence cases occurred
in the posterior part of the vertebral body. Slight subsidence
can help restore the angle of cervical lordosis. According to a
previous study, slight subsidence may improve the fusion rate
and cervical curvature45. Since cage subsidence compromises
the intervertebral height, excessive subsidence may lead to
subsidence-related complications, such as cervical kyphosis,
the recurrence of neurological symptoms, and internal fixation
failure46–49. Lee et al.50 studied patients who underwent
single-segment ACDF and suggested that subsidence mostly
occurred within half a year after the operation. Afterwards,
due to the stability of interbody fusion, the settlement usually
did not continue to progress, and the occurrence of subsi-
dence had a negative impact on sagittal parameters and the
clinical prognosis. Wu et al.51 reported that there is no signifi-
cant correlation between subsidence and the clinical prognosis
and that the clinical effect mainly depends on the magnitude
of improvement in cervical lordosis. Most scholars use 3 mm
as the threshold for subsidence52, 53. In this study, inter-
vertebral cage subsidence (CR) was defined as a decrease in
intervertebral space height.

The height of the intervertebral space recovered from
35.58 � 0.85 mm preoperatively to 37.15 � 1.23 mm at the
6-month follow-up and 36.95 � 0.73 mm at the last follow-
up. The results showed that the height of the intervertebral
space significantly improved from pre- to postoperatively, and
no cases of significant cage settlement were found at the mid-
or long-term follow-ups. There was only slight subsidence.

Among the factors that affect settlement, excessive
scraping of the endplate during surgical operations is an
important factor. Lim et al.54 found that the average com-
pressive yield load of the intact endplate was 634 N. When
the end plate was partially removed, the average compressive
yield load decreased to 494 N, and after the end plate was
completely removed, the average compressive yield load
decreased further to 419 N. Therefore, to provide enough
compressive strength to resist subsidence, the osteogenic
endplate should be carefully preserved while the cartilage
endplate is completely scraped during the operation, and the
3D-printed cage has some unique advantages. Studies evalu-
ating the geometry of the cervical endplate have shown that
the upper endplate is tilted, while the lower endplate is
mostly depresse47, 55.

3D-printed cages are wedge-shaped, and the top sur-
face is curved, which greatly increases the contact area and
produces a uniform stress distribution, thus ensuring the
recovery of cervical lordosis and preventing severe
subsidence.
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In the patients who received the 3D-printed cage,
fusion occurred at 6 months after surgery. There are several
reasons to promote the use of these cages: (i) the elastic
modulus is low; (ii) the porous structure can be used for
bone growth; (iii) the contact area is large and relatively mat-
ched; and (iv) the surface is coated with BMP osteoinductive
coating.

Cervical lordosis is widely recognized as a normal
manifestation. Kyphosis is closely related to cervical
spondylosis. When the cervical spine is balanced in the sagit-
tal plane, the individual can maintain an upright posture and
horizontal field of vision with minimal energy consump-
tion56, 57. The wedge shape of the cage can promote the
recovery of the cervical spine curvature. The three lordosis
angles of 0�, 4� and 8� are used so that cages with different
anteversion angles are available for different surgical seg-
ments, thereby promoting the recovery of the angle of cervi-
cal spine lordosis. The CCI changed from 10.08 � 1.21
preoperatively to 13.65 � 1.03 at the 6-month follow up and
13.51 � 0.86 at the last follow-up, indicating that the surgery
can significantly improve cervical curvature. After the mid-
and long-term follow-ups, we did not find any significant
changes in cervical curvature.

Moreover, 3D-printed cages can eliminate the need for
the bone grafting step, thereby shortening the operation
time, reducing the difficulty of surgery, and reducing the risk
of surgical complications associated with humeral bone
removal. On the other hand, the surface BMP osteoinductive
coating can also promote intervertebral fusion and poten-
tially spine stability.

In the present study, 28 patients returned to normal liv-
ing conditions at the last follow-up. The JOA score at the last
follow-up was as high as 16.47 � 0.61, and the rate of improve-
ment in the JOA score at the last follow-up was 92.7%. The
SF-36 score at the final follow-up was 660.8 � 8.92 points.
According to Odom’s criteria, the neurological functional status
significantly improved at the 6-month and last follow-ups
compared with preoperatively. The above results indicated that
the patients recovered satisfactorily. The height of the inter-
vertebral space recovered from 35.58 � 0.85 mm preoperatively
to 37.15 � 1.23 mm at the 6-month follow-up and
36.95 � 0.73 mm at the final follow-up. The results showed
that the height of the intervertebral space significantly improved
from pre- to postoperatively, and no cases of cage settlement
were found after the mid- and long-term follow-ups. In addi-
tion, according to the X-ray findings at the last follow-up, no
cases of loosening of the titanium plate and screw or clear
zones around the fusion cage were observed, while the adjacent
segments in all patients had been fused.

In this study, clinical and radiological results show that
3D-printed cages in ACDF can significantly relieve symp-
toms. Moreover, 3D-printed cages can restore the curvature
of the cervical spine, effectively preserve the intervertebral
height for a long time, and prevent complications related to
postoperative subsidence.

Based on the above follow-up results, we believe that
the application of 3D-printed cages in ACDF is safe and sta-
ble. However, since the results of this study were not com-
pared with those of the traditional cages used in ACDF, this
study has some limitations.
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