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 Background: This study aimed to evaluate whether obliquely angled and ring-shaped titanium mesh cage (TMC) end struc-
tures can improve the compressive load on the endplate interface in anterior cervical corpectomy and fusion 
(ACCF).

 Material/Methods: A total of 23 volunteers underwent cervical lateral x-ray. The oblique angle of the superior endplate was mea-
sured, which was used to construct the gradient of the TMC end. Forty-two fresh cadaveric vertebral bodies 
were harvested and randomly distributed among four TMC groups with different ends. The baseline indicators 
of bone mineral density and anteroposterior and transverse dimensions were recorded. The superior endplate 
was placed at an angle of 12° when performing uniaxial compression testing. The maximum loads of the four 
TMCs were assessed.

 Results: There were no significant differences among the groups regarding the baseline indicators. The conventional 
TMC had the lowest maximum load (1362.3±221.78 N, p<0.05), whereas the TMC with an obliquely end ring 
had the highest maximum load (2095.82±285.64 N, p<0.05). The maximum loads of the TMCs with oblique 
footprints and flat end ring were much higher than that of the conventional TMC (p<0.05) but significantly low-
er than that of the TMC with the obliquely end ring (p<0.05), with average values of 1806.91±246.98 N and 
1725.3±213.33 N, respectively.

 Conclusions: Both the ring shape and oblique angle of the TMC end contributed to an increase in compressive force and are 
advocated for use in TMC structure optimization to decrease the incidence of TMC subsidence in ACCF.
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Background

Due to its advantages of a high fusion rate and the avoidance 
of donor site complications, the titanium mesh cage (TMC) is 
now widely used for intervertebral reconstruction in anterior 
cervical corpectomy and fusion (ACCF) [1–3]. However, clini-
cal outcomes have shown a high rate of TMC subsidence dur-
ing the follow-up period [4–11]. Severe TMC subsidence (>3 
mm) has been reported in up to 30.8% of patients [4–7] and 
can lead to multiple complications, such as kyphosis, nerve re-
compression, and internal fixation failures, which undermine 
the surgical treatment [1,4,5,7,8,10,12–14].

Biomechanical studies have noted some factors that are close-
ly associated with TMC subsidence, one of which is bone min-
eral density (BMD). As BMD decreases, the maximum load de-
creases, and the TMC becomes more likely to penetrate the 
vertebral body [15–19]. Another factor is the condition of the 
endplate. When the endplate is completely removed from the 
vertebral body, the maximum load can decrease by 38.9–67% 
compared with that of an intact vertebral body [15,19–22]. A 
third factor is TMC-endplate interface. A TMC with a larger di-
ameter is recommended due to the advantages of relying on 
the strong posterolateral region of the endplate, a larger TMC-
endplate interface contact area, and a larger bone graft vol-
ume [17,18,21,23]. In addition, adding an end ring onto the 
conventional TMC is considered effective for increasing the 
compressive load because it alleviates the stress concentra-
tion of the interface by evenly distributing the stress [16,21,24].

However, few studies have considered the effects of the in-
cluded angle between the TMC and the endplate on the com-
pressive load. Under physiological conditions, the cervical spine 
has a lordotic alignment, and the superior endplate has a cor-
responding gradient [4,5]. Following ACCF, a flat-ended TMC 
only contacts the superior endplate in the posterior region, 
which leads to a TMC-endplate interface with a very small 
contact area [4,5,9]. When the endplate is placed flat for test-
ing [16,21,24], the contact area of the interface is artificially ex-
panded, which might result in an exaggerated maximum load. 
Thus, it is imperative to place the endplate at a physiological 
gradient during compression testing to evaluate the true me-
chanical behavior of the TMC-endplate interface. In the pres-
ent study, TMCs with different ends were constructed and test-
ed under the true physiological condition. The respective and 
combined effects of the ring shape and oblique angle of the 
TMC end structures on the compressive force were assessed 
to provide evidence for optimization of the conventional TMC.

Material and Methods

This study was approved by the institutional review board of 
the Second Affiliated Hospital of Xi’an Jiaotong University. A 
total of 23 young, healthy volunteers (13 males and 10 fe-
males; age range, 18–27 years; mean age, 22.74±2.61 years) 
were enrolled. All volunteers underwent cervical lateral x-ray 
to measure the oblique angle of the superior endplate (C4–
T1). To obtain the included angle between the superior end-
plate and the inferior end of the TMC following one-level (C3–
C7) ACCF surgeries, the oblique angle was defined as the angle 
between the superior endplate of the targeted vertebral body 
and the inferior endplate of the next cephalad vertebral body 
(Figure 1). The average value of the oblique angle was used 
to construct the gradient of the TMC end and holding cup.

All the TMCs were constructed from a raw material of stainless 
steel powder using a selective laser melting 3D printing ma-
chine (BLT-S300, Bright Laser Technologies, Ltd., Xi’an, China). 
A total of four types of TMCs with different end configura-
tions were designed (Figure 2A, 2B): 1) a conventional TMC; 
2) a TMC with an oblique angle at 12°; 3) a TMC with a 0.95 
cm2 end ring; and 4) a TMC with an oblique end ring (12° and 
0.95 cm2). The diameter of all the TMCs was 1.4 cm. The bot-
tom of the holding cup was also designed at an oblique an-
gle of 12° (Figure 2C). Unlike the conventional cylindrical TMC, 
the TMC with an obliquely angled, ring-shaped end was de-
signed to have a quadrate shape, which is shown in Figure 3.

A total of seven human cadaveric cervical spines were ob-
tained from fresh cadavers (five males and two females; mean 
age, 66.71±13.71 years) and stored at –20°C until testing. The 
specimens were evaluated by x-ray to exclude vertebral de-
formities. A dual-energy radiograph absorptiometer (DEXA, 
Medix-90, Medilink, France) was used to measure the BMD 
of each vertebral body. During the test, the specimens were 
placed in a lateral position and embedded in a container filled 
with rice to simulate the soft tissues surrounding the cervi-
cal spine [17,25]. The BMD was measured with a region of in-
terest, which reflected the whole vertebral body. After BMD 
testing, the specimens were dissected through the interver-
tebral disc and ligaments to obtain a separated vertebra. The 
annulus fibrosus tissue on the vertebra was carefully removed 
without damaging the endplate. The posterior elements of the 
vertebra were cut off through the pedicles using a bone saw, 
and all the soft tissue was removed. After processing, a to-
tal of 42 vertebral bodies were harvested. The anteroposteri-
or and transverse dimensions of each superior endplate were 
recorded. The anteroposterior diameter was defined as the 
maximal distance from the mid-sagittal plane, and the trans-
verse diameter was defined as the maximal distance from the 
mid-coronal plane. The 42 vertebral bodies were randomized 
among the four TMC groups. Each vertebral body was fixed 
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Figure 1.  An illustrative case of the measurement of the C4 
oblique angle. The C4 oblique angle was measured as 
the angle between the superior endplate of the C4 and 
the inferior endplate of the C2.
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D

Figure 2.  The structures of the TMCs and holding cup. (A, B) Four TMCs with different ends were constructed. From left to right, a 
conventional TMC, a TMC with an obliquely angled footprint, a TMC with a flat, ring-shaped end, and a TMC with obliquely 
angled, ring-shaped end. (C)The bottom of the holding cup has an oblique angle of 12°. (D) The superior endplate is placed 
parallel to the bottom of the holding cup.

in a holding cup using poly methyl methacrylate. The superi-
or endplate was placed parallel to the bottom of the holding 
cup to simulate the physiological gradient of the superior end-
plate after one-level ACCF (Figure 2D).

Uniaxial compression testing was performed at the State Key 
Laboratory for Strength and Vibration of Mechanical Structures 
(Xi’an Jiaotong University, Xi’an, China). A computer-controlled 
servo hydraulic testing machine (858 Mini-Bionix Testing 
Machine, MTS Systems, Minneapolis, MN, USA) was used for 
all tests. Each TMC was carefully placed on the center of the 
vertebral body superior endplate (Figure 4). The compressive 
load was applied on the superior endplate with a displace-
ment control of 10 mm/minute [15]. The maximum displace-
ment of the TMC was 5 mm, which is sufficiently large to en-
sure destruction of the vertebral body. The compressive load 
and displacement data were collected at 600 Hz throughout 
the uniaxial compression testing. The maximum load was de-
fined as the maximum force on each load-displacement curve.
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Figure 3.  A quadrate-shaped TMC designed by 
the authors. The quadrate-shaped 
TMC has a fornixed end ring on the 
top and an end ring with a 12° oblique 
angle on the bottom to facilitate 
alignment with the endplate. The 
lateral sides of the quadrate-shaped 
TMC are flat, and the anterior and 
posterior sides of the TMC camber to 
the front.
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Figure 4.  Four TMCs were placed on the center of the endplate and used for uniaxial compression testing. (A) Conventional TMC. 
(B) TMC with a flat, ring-shaped end. (C) TMC with an oblique footprint. (D) TMC with an obliquely angled, ring-shaped end.
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All the measurement data are presented as the mean±standard 
deviation (SD). SPSS 18.0 was used for the statistical analysis. 
One-way ANOVA was applied to compare the oblique angle, 
BMD, anteroposterior dimension, transverse dimension, and 
maximum load among the groups. The LSD t-test was further 
applied as a post hoc test. For all statistical tests, a p value of 
less than 0.05 was considered statistically significant.

Results

The oblique endplate angle was used to simulate the angle 
between the flat TMC end and the superior endplate in one-
level ACCF. The average oblique angles of C4-T1 are shown in 
Table 1. The oblique angle of T1 was significantly higher than 
that of the other segments (p<0.05). The average BMD and 
anteroposterior and transverse dimensions of each group are 

shown in Table 2. There were no significant differences among 
the groups in terms of the BMD or anteroposterior and trans-
verse dimensions (p>0.05), which identified the comparabili-
ty of the vertebral bodies among the groups.

The average maximum load of the conventional TMC was 
1362.3±221.78 N, which was significantly lower than that of 
the other TMCs (p<0.05). The TMC with an oblique end ring 
showed the highest maximum load compared with the other 
TMCs, with an average value of 2095.82±285.64 N (p<0.05). The 
maximum loads of the oblique footprints and the flat end ring 
were much higher than that of the conventional TMC (p<0.05) 
but significantly lower than that of the TMC with oblique end 
ring (p<0.05), with average values of 1806.91±246.98 N and 
1725.3±213.33 N, respectively (Figure 5). Representative load-
displacement curves for each TMC type are shown in Figure 6.

C4 C5 C6 C7 T1* Total

Mean (°) 12.22 11.22 11.52 13.11 14.45 12.40

SD 3.03 2.65 2.61 3.51 2.15 3.02

Table 1. The average oblique angle of each superior endplate.

* The oblique angle of T1 is significantly greater than that of the other segments.

Conventional Oblique footprint Flat end ring Oblique end ring

BMD (mg/mm3)  704±134  715±119  689±143  702±125

Anteroposterior dimension (cm)  1.62±0.16  1.63±0.16  1.66±0.15  1.58±0.15

Transverse dimension (cm)  1.91±0.32  1.95±0.34  1.84±0.32  1.85±0.30

Table 2. The BMD and anteroposterior and transverse dimensions for each TMC group.

No significance differences were found among the groups.
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Figure 6. Representative load-displacement curve for each TMC.
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Discussion

In the present study, the compressive testing results show that 
the maximum load of the conventional TMC is the lowest among 
the four TMC types. Adding an end ring or an oblique angle to 
the TMC end can significantly improve the maximum load by 
approximately 26.7% and 32.6%, respectively. Furthermore, 
when the TMC has both a ring-shaped end and an oblique an-
gle, the maximum load can increase as much as 53.8%, pro-
viding the highest compressive force to resist subsidence.

Due to the advantages of lordosis reconstruction, interverte-
bral height restoration and sufficient decompression at both 
the vertebral body and disc levels, ACCF is widely used in the 
treatment of cervical diseases, such as spondylotic myelopa-
thy, posterior longitudinal ligament ossification, cervical tu-
berculosis, and tumors [1,12,26]. In recent decades, the TMC 
has been widely used in this procedure because it can achieve 
satisfactory bony fusion and avoid donor site complications, 
such as blood loss, hematoma, infection, and pain. However, 
recent studies have reported high rates of TMC subsidence 
during follow-up of up to 93.3% [4–11]. Severe TMC subsid-
ence (>3 mm) can result in multiple complications. First, the 
cervical curvature can change significantly due to severe sub-
sidence and lead to kyphosis [1,12]. Second, the intervertebral 
foramen and the ligaments can shrink again, thereby induc-
ing a recurrence of the neurological deterioration [4,5]. Third, 
severe subsidence increases the stress load on the plate and 
screws, which can result in internal fixation failures, such as 
breakage and extrusion [5,7,8,10,13,14].

Following ACCF, most TMC subsidence occurs in the posteri-
or region of the caudal vertebral body [9] because the TMC 
is often placed on the anterior two-thirds of the endplate [9]. 
This placement causes the posterior end of the TMC to rely on 
the central portion of the endplate, which exhibits the lowest 
mechanical strength of the endplate [17,18,21,23]. TMC sub-
sidence also occurs in this region because the superior end-
plate is oblique, and the flat end of the conventional TMC can 
only contact the posterior area of the endplate, which results 
in a very small contact area and a large stress concentration 
in this region (Figure 3A, 3B) [4,5,9,27]. Moreover, during sur-
gery, the conventional TMC is usually manually clipped into a 
suitable size, which leaves very sharp edges on the TMC end 
and further decreases the contact area between the endplate 
and the TMC [4,5,11].

Biomechanical studies have shown that adding an end ring 
onto the conventional TMC could be beneficial by expanding 
the contact area between the endplate and the TMC, which 
can decrease the stress concentration and distribute the load 
from the cephalad more evenly across the endplate [16,21,24]. 
However, high rates of TMC subsidence were still observed 

in long-term follow-up studies of ACCF despite the enlarged 
contact area of the end surface [4,28,29], suggesting that a 
simple, flat end ring could not effectively prevent subsidence. 
When performing compression tests, previous biomechanical 
works assumed that the endplate was parallel to the end of 
the TMC and did not consider that the endplate has a gradi-
ent under physiological conditions [16,21,24]. Therefore, these 
studies may artificially increase the true contact area and ex-
aggerate the effect of a flat end ring on the compressive load.

In the present study, the compression tests were performed 
by placing the vertebral bodies at a certain angle, which was 
identified by measuring the radiological cervical images of 23 
young volunteers, to simulate the actual positional relation-
ship between the TMC and the endplate following one-level 
ACCF. During the testing, an obvious gap could be observed be-
tween the conventional TMC and the anterior part of the end-
plate. In contrast, the TMC with an obliquely angled end was 
parallel to the endplate, which significantly increased the con-
tact area between the TMC and the endplate. Compared with 
the conventional flat end, the obliquely angled end achieved a 
significantly greater maximum load, which suggested the im-
portance of the geometrical match between the TMC and the 
endplate in preventing subsidence.

The results also showed that adding a flat end ring alone could 
increase the maximum load as well. Although the flat end ring 
did not fit well to the oblique endplate, it still showed some 
advantages in preventing subsidence. First, compared with the 
sharp footprint of the conventional TMC, the end ring could of-
fer more contact area with the posterior part of the endplate 
and relieve the concentrated stress. In addition, as the end 
ring subsided into the vertebral body, the contact area with 
the cancellous bone expanded. However, the cancellous bone 
only contributed to 33–66.1% of the resistance to the axial 
load [15,19–22]; thus, the expanded contact area helped to 
resist TMC subsidence to some extent.

Due to the advantages of the desirable geometrical fit with the 
endplate and the increase in contact area, the TMC with an 
oblique end ring yielded the largest compressive force. Unlike 
the flat ring-shaped end, which initially only had a small con-
tact area with the endplate and showed a gradually increased 
contact area with the cancellous bone during subsidence, the 
obliquely angled, ring-shaped end exhibited an initially max-
imized contact area [5,27]. This configuration effectively de-
creased the concentrated stress and ensured that the stress 
from the cephalad was evenly distributed across the endplate. 
Currently, multiple types of cages with large contact areas are 
used in ACCF. Yang et al. [30] designed a new 3D-printed, po-
rous cage and used it for ACCF in a sheep model. Both ends of 
the cage showed full contact. Additionally, the gradient of the 
cage end was customized for each sheep, which ensured that 
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both ends were aligned with the endplates and yielded the 
maximum contact area. Due to these advantageous design at-
tributes, the radiological images at the last follow-up showed 
that no subsidence had occurred [30]. Zhang et al. [31,32] con-
structed a new nanohydroxyapatite/polyamide 66 (n-HA/PA66) 
cage, which had a wide annular rim of 3 mm and an oblique-
ly angled end aligned with the endplate. These advantageous 
structures contributed to a significantly lower subsidence rate 
compared with that of the conventional TMC [32]. In addition, 
a new type of TMC designed by Yu et al. [7] incorporates an 
obliquely angled end ring, which ensures a large contact area 
at the TMC-endplate interface. Similarly, the radiological out-
comes demonstrated the advantages of the obliquely angled 
end ring in preventing subsidence [7].

In ACCF, there is an opposing relation between the TMC-
endplate contact area and bony fusion [25]. If the contact area 
is too large, the granulated cancellous bone in the TMC will 
have insufficient contact with the endplate, preventing bony 
fusion. Conversely, if the contact area is too small, the TMC 
can produce excessive stress concentrations on the endplate, 
which may result in subsidence [25]. A minimum contact area 
of 30% at the interface is considered to provide sufficiently 
high mechanical strength in the endplate, and similar compres-
sive loads on the endplate have been observed compared with 
those of larger contact areas [25,33]. In the present study, the 
obliquely angled, ring-shaped end was designed to have an 
area of 0.95 mm2 and achieved approximately 31.5% surface 
coverage of the superior endplate (3.02 cm2), which ensured 
that the TMC-endplate interface provided sufficient mechan-
ic strength and offer enough surface contact for bony fusion.

Unlike the conventional cylindrical TMC, the TMC with the 
obliquely angled, ring-shaped end was designed to have a 
quadrate shape (Figure 3). Compared with a cylindrical shape, 
the authors considered that a quadrate shape has some ad-
vantages, as follows. First, a quadrate TMC has more portions 
that contact the posterolateral regions of the endplate, which 
has much more mechanical strength than other parts of the 
endplate. Second, with equal diameters, the cross-section-
al area of the quadrate shape is larger than that of the circle. 
Consequently, a quadrate-shaped TMC has a larger volume for 
bone grafting. Third, both sides of the quadrate-shaped TMC 

are flat, significantly increasing the contact area with the re-
maining vertebral body, which also facilitates bony fusion. 
Last, the posterior sides of the quadrate TMC camber to the 
front, leaving more space for the spinal cord and helping pre-
vent nerve compression.

There are some limitations to the present study. First, the 
oblique angle data were obtained from young volunteers and 
did not include the data of older people. Thus, the average 
oblique angle may not reflect the status of the general pop-
ulation. Second, considering experimental cost and duration, 
we performed axial load compression testing to assess the 
compressive force of the TMCs. Unlike fatigue testing, which 
would have cyclically placed a physiological load on the end-
plate, the compression testing imposed a constantly increas-
ing load or a displacement on the endplate, which may not 
simulate well the common clinical presentation of gradual 
subsidence. In addition, the outcomes of compression testing 
are affected by the loading conditions [15–23,25,33,34]. If the 
load increases rapidly, the maximum compressive force value 
is corresponding high. Conversely, the maximum compressive 
force becomes low when the load is set to increase slowly. 
Therefore, the outcomes of the compression testing can only 
be used for qualitative comparison among groups. In the fu-
ture, a quantitative comparison reflecting the true mechani-
cal strength of different TMC types should be performed via 
highly bionic fatigue testing.

Conclusions

The conventional TMC with a flat footprint showed the low-
est compressive force at the TMC-endplate interface. In con-
trast, the TMC with an oblique end ring yielded the highest 
compressive force. Both the ring shape and the oblique angle 
of the TMC contributed to the increase in compressive force 
and are advocated for use in TMC structure optimization to 
decrease the incidence of TMC subsidence in ACCF.
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