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A B S T R A C T

Objective: To compare the biomechanical characteristics of two transforaminal thoracic interbody fusion cages
based on the Chinese population thoracic anatomy.
Method: Computed tomography scans of the thoracic spine of 150 patients from our institution were collected and
analysed. Two cages were designed based on the anatomical parameters of these patients. Further, we used 3D
finite element analysis models to compare the stability of two cages by using Mimics 17.0 and ANSYS 15.0
software.
Result: Two kinds of thoracic cages (box and kidney-shaped) were designed. Under the displacement working
condition, the two new fusion cages could achieve immediate postoperative stability, but the kidney-shaped cage
was better than the box-shaped cage. Under the stress working condition, no highly focused stress area was found
in either cages, but the kidney-shaped cage experienced less stress than the box-shaped cage.
Conclusion: The kidney-shaped cage is more stable and experiences lesser stress than the box-shaped cage after
thoracic intervertebral fusion, and it is more suitable for Chinese transforaminal thoracic interbody fusion.
The translational potential of this article: This article is about thoracic fusion cage design and finite element analysis
(FEA) analysis based on the thoracic anatomy parameters. For there is currently no suitable thoracic fusion cage
for transforaminal thoracic interbody fusion, the results in this article may have the potential of transferring the
two designed cages into clinical use.
Introduction

Thoracic spinal stenosis (TSS) is a common cause of myelopathy in the
East Asian population, which can cause serious adult disability and be a
heavy burden to the family and society [1]. Machino et al. [2] in 2010 first
proposed the concept of “transforaminal thoracic interbody fusion”(TTIF),
inspired by the “transforaminal lumbar interbody fusion,” for treating
thoracic spinal diseases. This new operation has been succeessfully applied
to 10 patients, and these 10 patients have achieved complete decompres-
sion and three-column fusion. Compared with other thoracic spinal ap-
proaches, TTIF is characterised by less damage and shorter recovery time.
In addition, it results in immediate postoperative stability andmaintenance
of physiological curve in the thoracic spine, indicating a good outlook for
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its application [3,4]. This may be a new way to accomplish sufficient
decompression with less surgical complications. However, TTIF is limited
because of the lack of suitable thoracic intervertebral cages. Given that no
specific fusion cage was available, surgeons only use intervertebral
compression bone grafting for thoracic intervertebral fusion [4,5]. How-
ever, either autogenous bone or allogeneic bone grafting has its own dis-
advantages, which may cause complications to patients [6]. Compared
with bone grafting, interbody cages could provide better mechanical
strength [7] and postoperative fusion stability, as well as lesser stress in the
pedicle screw fixation system, which may reduce postoperative screw
fracture or broken rod rate [8,9]. At present, the available thoracic spine
parameters were only investigated among the Europe or the United States
population, and there is a lack of research on the thoracic anatomical
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Table 1
Measurement of anatomical parameters of the thoracic vertebrae in the sagittal
position (mm).

Height of intervertebral space FH

ADH MDH PDH

T10/11 4.92 � 0.93 7.33 � 0.84 3.76 � 0.72 14.36 � 1.27
T11/12 5.59 � 1.03 7.85 � 1.05 4.18 � 0.83 15.93 � 1.34

ADH, anterior disc height; MDH, median disc height; PDH, posterior disc height;
FH: foraminal height.
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parameters of the Chinese population. The thoracic vertebral fusion cages
should be designed based on the characteristic of the anatomical param-
eters of Chinese patients. With the rapid development of computer-aided
technology, owing to its lower cost and repetition, the finite element
analysis (FEA) has beenwidely used in spinal biomechanical tests [10–12].
In this study, the finite element models of thoracic spinal fusion with two
different kinds of designed cages were established. The shift and stress
parameters under different conditions (flexion, extension and rotation)
were measured to compare the stability and stress distribution between the
two newly designed thoracic interbody fusion cages for TTIF.

Materials and methods

Data collection

This research was accomplished in Peking Union Medical College
Hospital , Beijing, China.

Computed tomography (CT) scans (SOMATOM Definition Flash,
Siemens) of the thoracic spine of 150 patients from our institution were
collected (inclusion criteria: age � 18 years old, male or female, with
informed consent; exclusion criteria: patients combined with spinal dis-
ease which may cause abnormal anatomical structure of thoracic inter-
body including spinal deformity, trauma, infection, tumour, fracture,
inflammation, and combined with systemic metabolic diseases, congen-
ital disease–induced spine dysplasia, severe degenerative spinal disease,
and patients without informed consent). Patients were placed in a supine
position when undergoing CT scans, which were saved in standard Dig-
ital Imaging and Communications in Medicine (DICOM) format. The
thoracic interbody parameters of thoracic segment 10 to 12 (T10-12) are
measured using Mimics 17.0 software, Materialise, Belgium (Fig. 1)
because thoracic stenosis most commonly occur at these levels [13].

Parameter measurement

In the central sagittal plane (Fig. 1A), intervertebral height was
measured in three positions (anterior, median and posterior). Anterior
disc height was measured from the anterior of the vertebrae at levels T10
to T12. Median disc height was defined as the centre of vertebral levels
T10 and T12. Posterior disc height was defined as the distance from the
posterior of the vertebrae at levels T10 to T12. Moreover, foraminal
height was the distance between the midpoint of the upper part of the
inferior vertebral pedicle and the lower part of the upper vertebral
pedicle. The results are shown in Table 1.
Figure 1. (A) Measurement of intervertebrae and foramen (B)
Measurement of vertebrae and spinal canal.
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In the cross-sectional plane (Fig. 1B), endplate width (EW) was
defined as the horizontal distance between the two sides of the bony
endplate. Median sagittal diameter of endplate was the midpoint of the
anterior border and the posterior of the bony endplate. The paramedian
sagittal diameter of endplate divided the endplate into four parts, (ver-
tical to transverse diameter through the 1/4 and 2/4 junctions or the axis
of the 3/4 and 4/4 junctions). Spinal canal width was defined as the
distance between the inner edges of the pedicle on both sides of the same
segment. Spinal canal depth was the axis through the anterior and pos-
terior midpoints of the spinal canal. Interfacial distance was the
maximum distance between the two sides of the lateral border of the
inferior articular process. The results are shown in Table 2.

Design of two thoracic fusion cages
In this study, two kinds of cages (box-shaped and kidney-shaped)

made from a polyether ether ketone (PEEK) material were designed
based on the anatomical parameters of the thoracic vertebras of the
Chinese patients. The designs of the two cages fulfilled the following
criteria:

1) Thoracic box–type interbody fusion cage–related anatomical param-
eters are as follows: maximum width (W1): as per the length of AB
(Fig. 2) (distance between the tangent line of the lateral vertebrae and
tangent line of the lateral spinal cord)/sin 45� ¼ 0.5� (EW-spinal
canal width) sin 45�; maximum length (L1): as shown in Fig. 2 height:
as per the height of median disc height.

2) Thoracic kidney–type interbody fusion cage–related anatomical pa-
rameters are as follows: maximum width (W2) similar to W1;
maximum length (L2): based on EW and height (H): the same as the
box-typed cage.

The two thoracic cages, which could be easily and safely placed into
the thoracic intervertebral space, were designed based on these
anatomical results.

Finite element model of the thoracic spine (T10-T12)
The finite element model of the two thoracic intervertebral spaces

(T10-T12) based on previous CT scans parameters was established, and
the simulation of new cages used for TTIF was performed based on this
model. Given that the T11-T12 intervertebral space requires more sta-
bility and suffers more stress, we chose levels T11-T12 as our FEA model.

The scans were saved in DICOM format and analysed using Mimics
17.0 and ANSYS 15.0 America, with the following steps. (1) Build the
geometric model: the DICOM format T10-T12 segmental CT tomographic
images were imported into Mimics 17.0 software. The 3D model of T10-
T12 was established and remeshed, then the 3D model was output and
saved in LIS format. (2) Build a finite element model: the geometric
model was imported into the ANSYS 15.0 software to generate the three-
dimensional finite element model of T10-T12. The generated model has
3055631 units and 1850437 nodes. (3) Material assignment. (4)
Boundary conditions and loading model were established: the lower
endplate of the T12 vertebral activity was limited, a vertical load of 400N
on the upper surface of the T10 vertebral body, and 10 Nm of flexion,
extension, left and right lateral flexion and axial torque were separately
loaded on the T10 vertebral level (The vertical load of the T10 is



Table 2
Measurement of anatomical parameters of the endplate, spinal cord and facet joint in thoracic vertebrae (mm).

Endplate Spinal cord Facet joint

EW MSDE PSDE SCW SCD IFD

T10/11 37.54 � 3.36 28.86 � 2.81 29.38 � 3.05 17.77 � 1.83 15.45 � 1.36 34.41 � 3.26
T11/12 40.18 � 3.58 29.59 � 2.86 30.51 � 3.05 21.11 � 2.11 17.02 � 1.49 35.31 � 2.90

EW, endplate width; MSDE, median sagittal diameter of endplate; PSDE, paramedian sagittal diameter of endplate; SCW, spinal canal width; SCD, spinal canal depth;
IFD, interfacial distance.
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measured in accordance with the influence of gravity of the model [14],
and the load is less than the gravity of the whole body. The loadingmodel
of 10 Nm of flexion, extension, left and right lateral flexion, and axial
torque were established based on the previous research about FEA model
in lower thoracic vertebrae [15,16]). (5) Model confirmed: the average
stiffness of the four models is compared with the previous literature [17]
to confirm the validity of the three-dimensional finite element model. (6)
Observation: displacement and mean stiffness values of the T10-T12
segments under different loading conditions were observed, shift and
stress cloud maps were respectively established after identifying the
stress distribution.
Statistical analysis

Statistical analysis was performed using SPSS 18.0 data analysis
software (SPSS, USA). All values are expressed as mean � SD. The dif-
ference among groups was detected using the one-way analysis of vari-
ance test. P < 0.05 was considered significantly different.

Results

Anatomical parameters and cages design

A total of 150 patients aged 18–81 years (average 53.8 � 13.1 years)
were reviewed. The anatomical parameters of the thoracic vertebra in the
sagittal position, endplate, spinal cord, and facet joint in the thoracic
vertebrae are listed in Tables 1 and 2.

Using Mimics software, two interbody cages (box-shaped and kidney-
shaped) were designed as per their anatomical parameters (length, width
Figure 2. Measurement of box shaped cage: Inserted cage is at the 45� angle to
the sagittal plane. Line a: tangent line of the lateral vertebrae. Line b: tangent
line of the lateral spinal cord. Line c: tangent line of the dorsal vertebrae. W1:
the maximum width of interbody fusion cage. L1: the maximum length of
interbody fusion cage. AB: distance between the tangent line of the lateral
vertebrae and tangent line of the lateral spinal cord.

37
and height) (Table 3). Moreover, the shape of these cages is shown in
Fig. 3 (box-shaped cages and kidney-shaped cages in Fig. 3A and B,
respectively).

Finite element model

Displacement model
Under the displacement working condition, the shift of T11-T12

segments [A (box-shaped cage), B (kidney-shaped cage), C (bone graft-
ing model), and D (physical spine)] is shown in Fig. 4. The displacement
cloud image showed that the movement of the T11-T12 segment in
flexion, extension, lateral flexion and axial rotation were obviously
restricted than the physical spinal cord, the shift of the surgical segments
was reduced by approximately 87%–95%. The shift of surgical segments
is frequently observed in model C but less frequently in model B. Thus,
the kidney-shaped fusion cage had the best intervertebral stability.

Stress models
Under stress working conditions, the stress of the two kinds of cages

[A (box-shaped cage), B (kidney-shaped cage)] is shown in Fig. 5. Stress
cloud images revealed that the von Mises stress was evenly distributed in
two cages, and there were no highly focused stress areas. However, the
box-shaped cage had a larger stress peak than the kidney-shaped cage in
all working conditions.

Discussion

TSS is common among the East Asian population, which can become a
heavy burden to the family and society. Surgery is the best treatment
option. Because of the support of ribs, thoracic vertebrae tend to be more
stable than lumbar vertebrae. For the patients with TSS caused by dorsal
compression, such as ossification of the ligamentum flavum, posterior
decompression and internal fixation is needed. For posterior decom-
pression may break the balance of the thoracic vertebrae, the surgical
segment may not maintain physiological curve, even induce further
thoracic kyphosis. However, TSS caused by dorsal compression do not
need disc discectomy and cage implantation. Current indications for TTIF
include, thoracic disc herniation (or combined with ossification of the
posterior longitudinal ligament, ossification of the ligamentum flavum,
thoracic fracture), ossification of the posterior longitudinal ligament (or
combined with ossification of the ligamentum flavum), thoracic spine
fracture or dislocation, thoracic spine tuberculosis and thoracic spine
tumours. This study is based on TTIF, hence only TSS combined with
ventral compression are relevant. TTIF is a good surgical process for
thoracic compression. However, the lack of available anatomical pa-
rameters of Chinese patients and thoracic interfusion cages restricted its
progress. Without an appropriate thoracic fusion cage, the compression
bone grafting is commonly performed for interbody fusion. Patients who
Table 3
Parameters of the two newly designed fusion cages (mm).

Width Height Length (L1/L2)

W H Box shape (L1) Kidney shape (L2)

T10/11 15.28 � 2.17 7.33 � 0.84 28.58 � 2.89 37.54 � 3.36
T11/12 15.35 � 2.25 7.85 � 1.05 30.24 � 3.09 40.18 � 3.58



Figure 3. (A) The physical pictures of the box-shaped fusion cage. (B) The physical pictures of the kidney-shaped fusion cage.
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had undergone compression bone grafting may have weaker biome-
chanical strength and insufficient support, which would increase stress in
the fixation system and result in rod breaks, pedicle screw pull-out, and
so on [7,9]. Interbody fusion cage could provide immediate segmental
stability and good biomechanical environment, as well as minimise
trauma in interbody fusion surgery [18,19].
Figure 4. (A1-4): The box shaped cage movement cloud image of the T11-T12 segmen
flexion working condition (A4) axial rotation working condition. (B1-4): The kidn
working condition, (B2):extension working condition (B3) lateral flexion working co
movement cloud image of the T11-T12 segment. (C1):flexion working condition, (C2
rotation working condition. (D1-4): The physical spine movement cloud image of
condition (D3) lateral flexion working condition (D4) axial rotation working conditi
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To design a specific thoracic fusion cage, the thoracic anatomical
parameters, cage biomaterials, and cage biomechanical stability should
all be taken into consideration. In this study, the thoracic CT scans of 150
patients admitted to our institution were collected to obtain accurate
thoracic anatomical parameters, and the cages were designed based on
these anatomical parameters. PEEK material is close to the human bone
t. (A1):flexion working condition, (A2):extension working condition (A3) lateral
ey shaped cage movement cloud image of the T11-T12 segment. (B1):flexion
ndition (B4) axial rotation working condition. (C1-4): The bone grafting model
):extension working condition (C3) lateral flexion working condition (C4) axial
the T11-T12 segment. (D1):flexion working condition, (D2):extension working
on.



Figure 5. (A1-4):Box shaped cage stress cloud image of the T11-T12 segment. (A1) flexion working condition (A2) extension working condition (A3) lateral flexion
working condition (A4) axial rotation working condition. (B1-4):Kidney shaped cage stress cloud image of the T11-T12 segment. (B1) flexion working condition (B2)
extension working condition (B3) lateral flexion working condition (B4) axial rotation working condition.
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tissue [20,21] and is superior to titanium in terms of the enhancement of
intervertebral fusion [22,23], therefore, PEEK materials are an ideal
material for thoracic fusion cages.

Compared with bilateral cage implantation, previous research has
shown that unilateral cage implantation has the following advantages:
less operative time, less bleeding, lower medical cost, and shorter
hospital stay [21]. Moreover, in the biomechanical analysis, unilateral
cage implantation had similar biomechanical stability and may result in
increased interbody bone formation [24,25]. FEA has been widely used
to evaluate biomechanical statistics and to make prognosis [26–28]. In
this study, unilateral transplantation is applied and verified in our
model; the fusion cage should be inserted through a 45� unilateral
approach. The preclinical biomechanical assessments of the two kinds
of thoracic cages were performed. The result showed kidney-shaped
cage gained better stability than box-shaped cage, for the reason why
could this occur need to be fully explored in our future experiment. At
present, we suspect two potential events may influence their stability.
First potential events may be that, the cage was implanted into inter-
vertebrae through a unilateral approach, 45 degree from the central
axis. After being inserted into the intervertebrae, the cage stays at a
tilted positioin. Thus box-shaped cage could transmit excessive stress to
the pedicle screw, suffering instability. Second, the contact area of the
kidney-shaped cage is larger than the box-shaped one, and
kidney-shaped cage contains longer curve, which fit intervertebrae,
based on these events, kidney-shaped one may support better than
box-shaped cage. All the two hypothesises need to be proved.

This study has several limitations. First, the FEA modelling process was
simplified,whichmaynotmeet thephysiological stateof thespine.Second, the
complex soft tissue environment around the spine, including paraspinal mus-
cles, was neglected. Finally, more biomechanical properties of the two new
cages, even TTIF and thoracic interbody fusion features, should be analysed.

In conclusion, our devices showed good biomechanical stability for
interbody fusion. In addition, we demonstrated that the two interbody
fusion devices were capable of accomplishing good stability in the inter-
vertebral space. Notably, the kidney-shaped cage was better than the box-
shaped cage.
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