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Establishing a Customized Guide Plate for Osteotomy in Total
Knee Arthroplasty Using Lower-extremity X-ray and Knee
Computed Tomography Images
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Background: The conventional method cannot guarantee the precise osteotomies required for a perfect realignment and a better prognosis
after total knee arthroplasty (TKA). This study investigated a customized guide plate for osteotomy placement in TKAs with the aid of
the statistical shape model technique using weight-bearing lower-extremity X-rays and computed tomography (CT) images of the knee.
Methods: From October 2014 to June 2015, 42 patients who underwent a TKA in Guizhou Provincial People’s Hospital were divided into a
guide plate group (GPG, 21 cases) and a traditional surgery group (TSG, 21 cases) using a random number table method. In the GPG group,
a guide plate was designed and printed using preoperative three-dimensional measurements to plan and digitally simulate the operation. TSG
cases were treated with the conventional method. Outcomes were obtained from the postoperative image examination and short-term follow-up.
Results: Operative time was 49.0 + 10.5 min for GPG, and 62.0 = 9.7 min in TSG. The coronal femoral angle, coronal tibial angle, posterior
tibial slope, and the angle between the posterior condylar osteotomy surface and the surgical transepicondylar axis were 89.2 &+ 1.7°,
89.0+1.1°,6.6 £ 1.4°, and 0.9 + 0.3° in GPG, and 86.7 £2.9°, 87.6 +2.1°,8.9 £ 2.8°, and 1.7 £ 0.8° in TSG, respectively. The Hospital
for Special Surgery scores 3 months after surgery were 83.7 = 18.4 in GPG and 71.5 £ 15.2 in TSG. Statistically significant differences
were found between GPG and TSG in all measurements.

Conclusions: A customized guide plate to create an accurate osteotomy in TKAs may be created using lower-extremity X-ray and knee
CT images. This allows for shorter operative times and better postoperative alignment than the traditional surgery. Application of the
digital guide plate may also result in better short-term outcomes.
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planning with these images are imprecise. The angle of
the sagittal and transverse plane depends on the surgeon’s
experience. A prolonged operative time and poor accuracy
are inevitable.l!

INTRODUCTION

Total knee arthroplasty (TKA) is an effective treatment for
knee joint diseases such as osteoarthritis and rheumatoid
arthritis. The perfect reconstruction of lower limb alignment

plays a very important role in the outcomes of knee joint
replacement, and can affect both symptom relief and the life
time of the prosthesis.!'*!

The traditional method for a correctional osteotomy is
to use the lower-extremity weight-bearing full-length
X-ray to determine the osteotomy location and the angle
of the coronal plane. As the accuracy of measuring the
joint center with two-dimensional (2D) images cannot be
guaranteed, the preoperative osteotomy position and angle
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With the development of digital technology, the clinical
applications of three-dimensional (3D) measurement and
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operative simulation have gradually increased. In our study,
calibrated lower-extremity weight-bearing full-length
X-rays and computed tomography (CT) scans of the
knee were collected. The statistical shape model (SSM)
technique was used to synthesize a 3D model of the knee
from the X-ray. A 3D model of the lower limb can be
generated with the use of the 3D knee model created using
the SSM technique along with CT scans. After the hip and
ankle centers were determined on the dual plane X-ray,
the relative positional relationship between the two joint
centers and the 3D knee model was measured. Using this
method, a preoperative analysis can be conducted on the
basis of weight-bearing function, avoiding the significant
radiation exposure due to CT scan. The preoperative
planning, osteotomy simulation, and prosthetic placement
were performed. The 3D-printed osteotomy guide plate
from the digitally designed model was applied to the TKA.

MeTtHoDS

This clinical trial received permission from the Ethics
Committee of Guizhou Provincial People’s Hospital, and
all patients and their families signed informed consents.
A total of 42 cases of osteoarthritis in patients who previously
underwent a unilateral TKA at Guizhou Provincial People’s
Hospital from October 2014 to June 2015 were enrolled in our
study. Of these patients, 17 were male, and 25 were female.
The involved knee was on the left in 20 cases, while 22 were
on the right. Average age was 62 + 7 years. Preoperative
mean body mass index was 25.3 + 6.4 kg/m”. The eligibility
criteria included: (1) unilateral TKA; (2) varus deformity of
the operative knee; (3) osteoarthritis of the operative knee.
Exclusion criteria included: (1) severe comorbidities that
may prolong hospitalization time; (2) severe osteoporosis;
(3) the patient declined to participate in the research. Patients
were divided into two groups: A guide plate group (GPG,
21 cases), and a traditional surgery group (TSG, 21 cases),
using the random number table method. In GPG patients,
preoperative thin slice CT scans of the knee were obtained
using the Siemens 64 row spiral CT (Siemens, Munich,
Germany). The scanning voltage was 130 kV, the scanning
thickness was 1 mm, and the matrix was 512 x 512. Digital
Imaging and Communications in Medicine format CT data
were imported into Simpleware 7.2 (Simpleware Ltd.,
Exeter, UK) to reconstruct the 3D stereolithography format
knee model. Calibrated weight-bearing full-length dual plane
knee X-ray images were obtained [Figures 1 and 2]. 3D knee
models were synthesized from calibrated dual plane images
with SSM of the knee and registration.*” The automatic
registration of the 3D knee model from the CT scan and
from the SSM technique can be obtained digitally [Figure 3].

The hip center (center of the synthesized sphere) and the
ankle center (center of the talar articular surface) were
determined. Through the position relationship between the
centers, points on the calibration device and the X-ray source,
the relative spatial relationship between the two central
points and the 3D model of the knee joint was determined.

The central point of the distal femur was defined as the
midpoint of the Whiteside line.[®) The central point of
the proximal tibia was defined as the center of the tibial
intercondylar eminence. The femoral anatomic axis was
defined as the connection between the central point of the
distal femur and the medullary cavity center 10 cm above the
knee joint space. The femoral mechanical axis was defined as
the connection between the central point of the distal femur
and the central point of the femoral head. The mechanical
axis of the tibia was defined as the connection between the
central point of the proximal tibia and the central point of
the ankle joint.

Prosthetic models were obtained by 3D scanning the
NexGen LPS (Zimmer Biomet, Warsaw, Indiana, USA)
with the Laser-RE (Serein Precision Machinery Company,
Shenzhen, China).

The femoral distal osteotomy valgus angle was the angle
measured between the femoral anatomy and the mechanical
axis, while the osteotomy thickness was 9 mm from the
lowest point of the medial femoral condyle.

Through the simulated operation, we were able to choose
the suitable size of the prosthesis. The osteotomy line of the
anterior and posterior condyles was parallel to the surgical
transepicondylar axis (STEA) [Figure 4].

The proximal tibial osteotomy line was perpendicular to the
mechanical axis on the coronal plane, and was 7° posterior
slope on the sagittal plane resulting from the design of the
prosthesis. The thickness of the proximal tibial osteotomy was
10 mm from the highest point of the lateral tibial condyle.

According to the design above and the operative simulation,
the hole position of the nonheaded screw and the size of
the prosthesis were determined. The base of the guide plate
was reverse engineered in accordance with the shape of the
distal femur and proximal tibia. The screw hole and the base
were then connected. The digital design was created using
Geomagic (3D Systems, Valencia, CA, USA). In the reverse
design stage of the base, the more shape characteristic

Figure 1: Photo of calibrated leg. (a) Frontal view. (b) Lateral view.
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Figure 2: X-ray images of calibrated weight-bearing full-length lower
limb. (a) Anteroposterior image. (b) Lateral image.

Figurer 4: Anterior and posterior condylar osteotomy line is parallel to
surgical transepicondylar axis.

bone surface was selected to be the attachment area for
the guide plate to obtain a better match for the installation.
The guide plate was 3D-printed with the polylactic acid
material using a 3D Printer (3D Systems Company, Rock
Hill, South Carolina, USA). After the operative exposure,
the guide plates were attached to the bony surface where the
articular cartilage was removed to determine the position
of the nonheaded screw for the distal femoral, anterior and
posterior condylar, and proximal tibial osteotomy devices.
All surgeries were performed by a single surgeon [Figure 5].
Postoperative radiographs were obtained to verify the
alignment of the reconstruction [Figure 6].

In the TSG, the angle between the femoral anatomic and
mechanical axis was measured preoperatively using a
weight-bearing full-length lower-extremity X-ray. The
valgus angle for the distal femoral osteotomy was chosen
using the closest available angle on the surgical instruments.
The intramedullary alignment guide was applied to the femur
while the extramedullary alignment guide was applied to
the tibia. The rotational angle was chosen according to the
experience of the surgeon.

Figure 3: Registration between the three-dimensional model
synthesized from calibrated X-ray and three-dimensional model from
computed tomography. (a) The three dimensional diagrammatic sketch
of registration. (b) The anteroposterior film after registration. (c) The
lateral film after registration.

Figure 5: The nonhead screws’ positions were determined according
the guide plates in order to locate the osteotomy devices. (a) The
guide plate determined the positions of the nonhead screws in the
proximal tibia. (b) The nonhead screws determined the positions of the
proximal tibial osteotomy divices. (c) The guide plate determined the
positions of the nonhead screws in the distal femur. (d)The nonhead
screws determined the positions of the anterior and posterior condylar
osteotomy divices.

Obtained data were statistically analyzed using SPSS
16.0 (IBM, Armonk, NY, USA). A t-test was applied to assess
for differences between groups, with P < 0.05 considered
significant.

ResuLts

The operation time was 49.0 £ 10.5 min for GPG, and
62.0 £ 9.7 min for TSG. The coronal femoral angle,
coronal tibial angle, posterior tibial slope, and the angle
between the posterior condylar osteotomy surface and
the STEA were 89.2 + 1.7°, 89.0 = 1.1°, 6.6 + 1.4°,
and 0.9 £ 0.3° in GPG, and 86.7 + 2.9°, 87.6 + 2.1°,
8.9 £2.8° and 1.7 £ 0.8° in TSG, respectively. The
Hospital for Special Surgery knee scores 3 months after
surgery were 83.7 + 18.4 after GPG and 71.5 + 15.2
after TSG, respectively. Statistically significant
differences were found between all previously noted
comparisons [Table 1].
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Table 1: Comparing the outcomes of the GPG and the
TSG

Items GPG TSG t P
Operation time (min) 49.0+£10.5 62.0+9.7 -16.53 0.018
Coronal femoral angle (°)  89.2+1.7 86.7+2.9 2.57 0.036

Coronal tibial angle (°) 89.0+1.1 87.6+2.1 2.42 0.023
Posterior tibial slope (°) 6.6+ 1.4 89+2.8 -19.35 0.013
Angle between posterior 09+0.3 1.7+0.8 -26.37 0.009
condylar osteotomy
surface and the STEA (°)
HSS score 3 months after ~ 83.7+184 71.5+152 331 0.029

surgery
HSS: Hospital for Special Surgery; GPG: Guide plate group;
TSG: Traditional surgery group; STEA: Surgical transepicondylar axis.

Figure 6: Postoperative coronal femoral/tibial angles and the angle
between posterior condylar osteotomy surface and the surgical
transepicondylar axis. (a) The postoperative coronal femoral/tibial
angles were 90°. (b) The postoperative angle between posterior condylar
osteotomy surface and the surgical transepicondylar axis was 0°.

Discussion

TKA is an effective treatment for severe knee diseases. An
accurate osteotomy and the reconstruction of the normal
alignment of the lower limbs are key to obtaining a good
curative effect.'? There is significant anatomic variation of
the knee joint, especially in the southwest part of China. The
knee joint prosthesis and the matching operative instruments
are designed with the anatomic characteristics of the European
and American knee joint in mind. There may therefore be a
large error when using conventional osteotomy instruments
in East Asia, resulting in poor alignment of the lower limb,
early component loosening, pain, activity limitation, and
other complications. The traditional surgical osteotomy is
based on the measurement of the weight-bearing full-length
lower-extremity X-ray and the intra/extramedullary
alignment guides. There is significant subjectivity when
using these measurements. This increases the potential risk
of infection, bleeding, and fat embolism in the traditional
intramedullary alignment guide-based surgery.*!

Modern computer technology has developed rapidly,
providing a platform for preoperative planning. The

orthopedic surgeon can perform computer-assisted precise
operative measurements.[''"131 Hafez et al.U'¥ digitally
designed and 3D printed the osteotomy guide plate for a
TKA for the first time, which can effectively avoid the
fat embolisms that often result from the placement of the
intramedullary alignment guide. Cai et al.!"¥ uses digital
technology to control the axial alignment of total knee
arthroplasties, but they needed a CT of the full-length lower
limb. Zhang et al.l') synthesized a 3D joint model from
hip, knee, and ankle CTs and a weight-bearing full-length
X-ray. 3D alignment reconstruction and the determination
of the femoral prosthetic valgus angle can be made using
the preoperative design based on the 3D model of the lower
limb. In this study, the measurement and reconstruction of
the alignment was conducted under physiologic load to be
more consistent with normal biomechanical characteristics.
However, it required a thin-cut CT scan of the three joints,
which significantly increased the examination cost and the
patient’s radiation exposure.

In this study, the use of advanced 3D synthesis and 2D/3D
registration technology allowed for the reconstruction of
a weight-bearing 3D model of the lower limb, which was
used to achieve an accurate 3D measurement of the coronal,
sagittal and transversal plane, and to minimize medical
expense and X-ray exposure. Our outcomes suggest that
the customized guide plate can increase the accuracy of
the operation, shorten operative times, and decrease the
complications that can result from intramedullary alignment
guide placement.

In digital medical studies, the 2D/3D registration of image
data is accurate and important.l'2) With the increased
use of low-dose radiation imaging equipment in recent
years, 2D/3D registration of X-ray and CT highlights the
advantages.?"*”l The construction of a 3D bone shape
model plays an important role in both surgical navigation
and image-based studies of the kinematics of the knee
joint in vivo.”?*>1 In our study, the calibrated dual plane
X-ray images were used to synthesize the SSM to conduct
the feature-based registration of a 3D model from the CT.
Although 2D/3D registration could be obtained by using a
single plane X-ray, the accuracy of a single plane X-ray is far
inferior to that of a dual plane X-ray.***" Li et al.?) used a
dual fluoroscopic imaging system in a kinematic study of the
knee joint in vivo. Van de Velde et al.*® also took the attitude
that the 3D model could be registered with a single plane
X-ray, but overall accuracy of this approach is much lower
than that obtained with the dual plane X-ray. Zhu and Li*"
held the view that in the 2D/3D registration, the accuracy gap
in the synthesized distal femur model between single plane
and dual plane X-rays is significant, while there is almost
no gap between dual plane X-rays and mutual plane X-rays.
A number of studies have demonstrated that the irregularities
in the 3D model created using a dual plane X-ray can be
accepted in the medical field. Zhu et al*? introduced a
technique to predict the 3D model of the distal femur. The
deviation between the predicted 3D model and the model
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reconstructed from 3D medical images was <0.2 mm. Wang
et al.B” also applied the dual fluoroscopic image matching
method in their study of in vivo spinal kinematics. The
average positional deviation was 0.2 mm, and the average
angular deviation was 0.4°. The repeatability was high. Baka
et al.P"indicated that the deviation between the distal femur
model synthesized from dual plane X-rays and the 3D model
reconstructed from the CT was <1.68 mm. Zheng et al.??
confirmed the feasibility of this 2D/3D registration method.
They also created the surface shape model from calibrated
X-rays to conduct feature-based registration.

This study is a preliminary evaluation of a digitally customized
osteotomy guide plate for TKA. The limitation of an
insufficient sample size in this study may result in unnecessary
variation. Future work will also add a cartilage model to the
bony knee 3D model to decrease variability and reduce the
surgical task of removing the articular cartilage. However, our
findings suggest that the indications for a guide plate should be
expanded, especially in cases of severe intra-or extra-articular
deformity, given its customized and minimally invasive nature.
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