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Abstract
Objective: During PCL reconstruction surgery, precise and personalized positioning of the graft tunnel is very important.
In order to obtain patient-specific anatomical data, we established a three-dimensional knee joint fusion model to provide
a unified imaging strategy, as well as anatomical information, for individualized and accurate posterior cruciate ligament
(PCL) reconstruction.

Methods: This is an exploration study. From January 2019 to January 2020, 20 healthy adults randomly were enrolled
and assessed via CT and MRI imaging. A three-dimensional fusion model of the knee joint was generated using the
modified MIMIMICS and image fusion software. On the fused image, the areas of the femoral and tibial PCL footprint
of both knees were measured. The anatomical center of the PCL footprint was measured at the femoral and tibial
ends. The relevant bony landmarks surrounding the PCL femoral and tibial attachment were also measured. Paired
t-tests were employed for all statistical analyzes, and p < 0.05 was considered as statistically significant.

Results: All 20 subjects achieved successful image fusion modeling and measurement, with an average duration of
12 h. The lengths of the LF1-LF3 were 32.1 � 1.8, 6.8 � 2.5, and 23.3 � 2.1 mm, respectively. The lengths of the
LT1-LT3 were 37.3 � 3.3, 45.6 � 5.3, and 6.0 � 1.2 mm, respectively. The distances between the tibial PCL center
of the left knee to the medial groove, champagne-glass drop-off, and the apex of the medial intercondylar were
8.4 � 2.4, 9.2 � 1.8, and 15.3 � 1.4 mm, respectively, and the corresponding distances from the right knee were
8.0 � 2.0, 9.4 � 2.2, and 16.1 � 1.8 mm, respectively. We observed no difference between the bilateral sides, in
terms of the distance from the PCL center to the PCL attachment-related landmark, under arthroscopic guidance. The
area of the femoral and tibial PCL footprints on the left knee were 115.3 � 33.5 and 146.6 � 24.4 mm2, respectively,
and the corresponding areas on the right knee were 121.8 � 35.6 and 142.8 � 19.5 mm2, respectively. There was
no difference between the bilateral sides in terms of the PCL footprint areas.

Conclusion: In the fusion image, the PCL attachment center and relevant bony landmarks which can be easily identi-
fied under arthroscopy can be accurately measured. The model can also obtain personalized anatomical data of the
PCL on the unaffected side of the patient, which can guide clinical PCL reconstruction.
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Introduction

The posterior cruciate ligament (PCL) originates from the
lateral wall of the femoral medial condyle and inserts

itself into the posterior half of the tibial PCL slope and the
posterior angle of the lateral meniscus, which, in unison, main-
tains the posterior and rotational stability of the knee joint1–4.
Clinically, the primary complaint after acute PCL injury is pain,
and it usually involves the patellofemoral, anteromedial, or pos-
terior part of the knee, particularly during ascending and des-
cending from stairs. However, the perception of instability
becomes more apparent in chronic and combined PCL injuries.
Joint instability occurs during the chronic phase of PCL injury.
Hence, an appropriate intervention in the acute phase is crucial
to the prevention of joint instability.

Currently, PCL reconstruction is the preferred intervention
for PCL injury, carrying the advantages of native knee kinematics
restoration, as well as prevention of residual posterior and com-
bined rotatory knee laxity via an individualized approach5,6.
Although several surgical techniques are used to correct PCL
injury, there is still a failure rate of 1%–25% after primary PCL
reconstruction, and it even amounts to 45% if unfavorable
patient-reported outcomes are regarded as subjective fail-
ures7,8. Additionally, knee degeneration is not completely
abolished, with incidences between 15%–60%9,10. Thirty-
three per cent of PCL reconstruction failures are due to
improper tunnel placement, such as a more posterior place-
ment of the femoral tunnel or a more proximal placement of
the tibial tunnel11. Studies revealed that the accurate anatom-
ical positioning of the graft tunnel and proper restoration of
the PCL anatomy are critical for good outcomes in
arthroscopic-guided PCL reconstruction12,13.

In clinical practice, arthroscopic direct vision and
intraoperative fluoroscopy play key roles in the intraoperative
anatomic positioning of arthroscopic PCL reconstruction14.
Unfortunately, there is lack of a reliable approach of anatomi-
cal positioning, and, currently, it mostly depends on the sur-
geon’s experience. Intraoperative fluoroscopic positioning
mainly relies on prior imaging data, which is more in line
with clinical needs than cadaveric measurement data15,16. The
anatomy of the PCL tibial end was extensively studied and
described in several studies, using two-dimensional imaging
techniques, such as plain radiographs, computed tomography
(CT), and MRI17,18. However, it is necessary to mark the PCL
footprint area and center on the cadaver specimen in advance.
Moreover, with the deepening of PCL anatomical research, it
is also obvious that there are distinct individual differences in
PCL anatomy. Thus, certain scholars proposed that the place-
ment and evaluation of the graft tunnel must be guided by the
personalized anatomical positioning of the PCL footprint area
of patients19. To obtain patient-specific anatomical data, espe-
cially the shape, location, and alignment of the PCL insertion,
imaging studies are still the best option. Recent studies
reported the establishment of a three-dimensional fusion
model of the knee joint, using MRI and CT, to directly obtain
patient’s personalized knee joint data20. However, no publica-
tions employed this 3D technology to perform a detailed

quantitative investigation of PCL anatomy, the center of the
footprint area, and PCL attachment-related bony landmarks.

In this study, the three-dimensional knee fusion model
was established, using CT and MRI. Basic anatomical evalua-
tion on PCL and bony landmarks surrounding the PCL were
performed using this model. Our aim was to provide a uni-
fied and reliable anatomical landmark, using imaging ana-
tomical information, to obtain preoperative simulated bone
tunnel localization, which will ultimately guide personalized
and accurate PCL reconstruction strategy.

Methods and Materials

Inclusion and Exclusion Criteria
The inclusion criteria were as follows: (i) patients aged
between 20–40 years old; (ii) patients with normal knee joint
and no obvious limb deformity; (iii) the PCL of included
patients was intact and without damage; (iv) there was no
fracture at the PCL attachment point; and (v) all voluntary
patients signed an informed consent.

The exclusion criteria were as follows: (i) pregnant women;
(ii) patients with a history of knee injury or surgery; (iii) patients
with knee joint degenerative alterations, history of osteoarthritis,
obvious deformity (varus and varus), or other knee joint injuries
that may influence the resolution and measurement of PCL
images; (iv) patients who were claustrophobic or mentally abnor-
mal, and unable to manage their behaviors; and (v) patients who
did not agree to undergoMRI and CT examinations.

General Information
This study recruited 20 healthy adults between January 2019
and January 2020, whose both knees were examined by CT and
MRI. The procedures were reviewed and approved by the hospi-
tal ethics committee and were in accordance with the Declara-
tion of Helsinki (No. 20190134), and all volunteers signed an
informed consent form. There were 10 males and 10 females,
with a mean age of 26.4 � 1.6 years (range, 24–29 years). The
mean height was 168.5 � 6.5 cm (range, 159–178 cm), and the
mean weight was 58.0 � 6.0 kg (range, 49-67 kg). The research
process of this article was shown in the flow chart (Figure 1).

Data Collection
All volunteers’ knee joints were examined via MRI (Signa 3.0
T) and CT (64 Row CT). The scanning position of each subject
was 0�–15� of natural knee extension and external rotation,
and the CT and MRI scans were performed within 30 min.
The CT scan parameters were as follows: 120kV, automatic
mA, scan time = 5s, full plain scan, matrix = 512 � 512,
window diameter = 360 mm, slice thickness = 1 mm, and
reconstruction interval slice thickness = 1 mm. The fixed
MRI machine used a head coil as the receiving coil, and the
selection was made to scan the sagittal plane 3D proton
density-weighted imaging sequence. The imaging scan param-
eters were as follows: TR (repetition time) = 11,000 ms, TE
(echo time) = 25 ms; slice thickness = 1.2 mm; slice
spacing = 1.2 mm; echo chains = 14; number of excitations
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(NEX) = 2; matrix = 192/320; FOV = 18. Upon completion
of imaging, the acquired MRI and CT scans were stored in
CD-ROM using the DICOM format.

The Establishment of a 3D Knee Joint Fusion Model
The knee joint CT and MRI imaging data were next impo-
rted into Mimics 20.0 and the image fusion software
(Readitec, China) for image segmentation and 3D recon-
struction, respectively. The PCL-containing region at each
MRI slice was automatically framed in Mimics 20.0 by set-
ting a PCL boundary signal threshold. Then, the precise
boundaries were delineated by an experienced senior clini-
cian and a senior imaging professional doctor. The image
was then imported into the image fusion software, combined
with the CT image, to establish the 3D fusion model. We
corrected this model by referencing common and obvious
landmarks, such as, tibial tuberosity, tibial plateau, and so
on. Eventually, a satisfied 3D fusion model was established,
in which the tibia, femur, PCL, meniscus, and cartilage were
clearly visualized, as shown in Figure 2A.

Data Measurement

Measurement of the PCL Footprint Area
The PCL footprint data was anatomically measured on the
3D fused image, using the measurement tool of the Mimics

software. The data included the area of the femoral and tibial
PCL footprint of bilateral knees, as shown in Figure 2B–C.

The Femoral PCL Attachment Measurement
The distance from the center of the PCL to the medial bor-
der of the medial femoral condyle (LF1) was measured, and
the percentage of the LF1 to the diameter of the femoral con-
dyle (PF1) was calculated. Likewise, the vertical distance
from the center of the PCL to the Blumensaat line (LF2) was
measured carefully, and the percentage of LF2 to the distance
from the Blumensaat line to the most distal edge of the
medial femoral condyle (PF2) was also calculated. Lastly, the
distance from the center of the PCL to the anterior cortex of
the medial femoral condyle (LF3) was measured, and the
percentage of the LF3 to the length of the Blumensaat line
(PF3) was also calculated. A schematic diagram of these
measurements is presented in Figure 3.

Measurement of Bony Landmarks Surrounding the PCL
Femoral Attachment
The apex of the trochlear groove, superficial points, and pos-
terior points were labeled, and the distance from these loca-
tions to the center of the PCL were measured (LF4, LF5, and
LF6, respectively).

The superficial is the lowest points at the junctional
edge between the lateral wall of the medial femoral condyle
and the cartilage when the knee is straightened, and it is the

Fig. 1 The flow chart of the research process.
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shallowest point at the junction edge between the lateral wall
of the femoral medial condyle and the cartilage when the
knee was flexed at 90�.

The posterior point, the most posterior point of the
cartilage junction of the lateral wall of the femoral medial
condyle in the straight position of the knee, is the lowest
point of the cartilage junction of the lateral wall of the femo-
ral medial condyle when the knee was flexed at 90�. A sche-
matic diagram of these measurements is presented in
Figure 4.

Measurement of the PCL Tibial Attachment
The distance from the PCL center to the medial edge of the
tibial plateau (LT1) was measured, and the percentage of the
LT1 to the width of the tibial plateau (PT1) was calculated.
The distance from the PCL center to the anterior edge of the
tibial plateau (LT2) was measured, and the percentage of the
LT2 to the anterior and posterior diameters of the tibial pla-
teau (PT2) were also calculated. The vertical distance from
the PCL center to the lowest plane of the tibial plateau (LT3)
was evaluated, and the percentage of the LT3 to the rotation
angle of the tibial plateau to the medial tibial plateau (PT3)
was calculated. A schematic diagram of these measurements
is presented in Figure 5A–B.

A B C

Fig. 2 (A) The diagram of 3D CT-MRI fusion

model. The tibia, femur, PCL, meniscus, and

cartilage are clearly visualized; (B) Femoral

PCL footprint area; (C) Tibial PCL

footprint area.

A B
Fig. 3 Measurement of anatomical landmarks

around the PCL femoral attachment: (A) LF1

represents the distance from the center of the

PCL footprint to the medial border of the

medial femoral condyle; PF1 represents the

diameter of the femoral condyle. (B) LF2

represents the vertical distance from the

center of the PCL footprint in femur to the

Blumensaat line; PF2 represents the distance

from Blumensaat line to the most distal edge

of the medial femoral condyle; LF3 represents

the distance from the center of the PCL

footprint to the anterior cortex of the medial

femoral condyle; PF3 represents the length of

Blumensaat line.

Fig. 4 The bony landmarks of PCL in the fusion images: LF4 represents

the distance from apex of the trochlear groove to the center of PCL

footprint in femur; LF5 represents the distance from superficial point to

the center of PCL footprint in femur; LF6 represents the distance from

posterior point to the center of PCL footprint in femur.
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Measurement of Bony Landmarks Surrounding the PCL
Tibial Attachment
The peak point of the medial intercondylar ridge of the tibial
plateau, the champagne-glass drop-off, and the medial
groove were labeled in the fusion model, and the distance
from them to the PCL center were measured (LT4, LT5, and
LT6, respectively). A schematic diagram of these measure-
ments is presented in Figure 5C.

Statistical Analysis
All data were imported into the SPSS 22.0 software (IBM,
Armonk) for statistical analysis. The measurement data are
expressed as mean � standard deviation (SD). And statistical
analysis was performed using paired t-tests if the data were
normally distributed and satisfied the homogeneity test of
variance (Levene’s test). A p < 0.05 value was considered sta-
tistically significant.

Results

Relevant PCL Indictor Identification Via Traditional
Image Measurement Methods in the Fusion Model
The PCL footprint data were labeled in the fusion model,
using the measurement tool of the Mimics software. In the

femoral footprint attachment, the lengths of LF1-3 were
32.1 � 1.8, 6.8 � 2.5, and 23.3 � 2.1 mm, respectively, and
the percentages of LF1/PF1, LF2/PF2, and LF3/PF3 were
40.6% � 2.1%, 22.5% � 8.2%, and 45.3% � 4.7%, respec-
tively. In the tibial attachment, the lengths of LT1-3 were
37.3 � 3.3, 45.6 � 5.3, and 6.0 � 1.2 mm, respectively, and
the percentages of LT1/PT1, LT2/PT2, and LT3/PT3 were
50.6% � 3.4%, 84.1% � 2.9%, and 23.6% � 5.2%, respec-
tively. All data are presented in Table 1–2.

The Shape and Area of the PCL Footprint in the Fusion
Model
In the fusion image, most femoral PCL attachment footprints
were half-moon, fan, or oval shaped, and they extended to
the top of the intercondylar fossa. Moreover, the area of the
left knee femoral end was measured to be 115.3 � 33.5 mm2,
and the right knee to be 121.8 � 35.6 mm2. The tibial attach-
ment footprint exhibited a trapezoid shape, characterized by
a narrow top and wide bottom, which was mainly located at
the posterior half of the PCL slope. The area of the left knee
tibial end was also measured to be 146.6 � 24.4 mm2, and
the right knee to be 142.8 � 19.5 mm2. All data were nor-
mally distributed and homogeneous. And no difference was

A B C

Fig. 5 Measurement of anatomical landmarks around the PCL tibia attachment: (A) LT1 represents the distance from the center of the PCL footprint

to the medial edge of the tibial plateau; PT1 represents the width of the tibial plateau; LT2 represents the distance from the center of the PCL

footprint to the anterior edge of the tibial plateau; PT2 represents the anterior and posterior diameter of the tibial plateau. (B) LT3 represents the

vertical distance from the center to the lowest plane of the tibial plateau; PT3 represents the length of the rotation angle of the tibial plateau to the

medial tibial plateau. (C) The bony landmarks of PCL in the fusion images: LT4 represents the distance from apex of medial intercondylar ridge of

tibial plateau to the center of PCL footprint in tibia; LT5 represents the distance from champagne-glass drop-off to the center of PCL footprint in tibia.

LT6 represents the distance from medial groove to the center of PCL footprint in tibia.

Table 1 The outcomes of the relevant indicators of PCL in femur by the traditional imaging measurement methods in fusion model
(mean � s)

Indicators LF1(mm) LF2(mm) LF3(mm) LF1/PF1(%) LF2/PF2(%) LF3/PF3(%)

Value 32.1 � 1.8 6.8 � 2.5 23.3 � 2.1 40.6 � 2.1 22.5 � 8.2 45.3 � 4.7

Abbreviations: LF1, The distance from the center of the PCL footprint in femur to the medial border of the medial femoral condyle; LF2, The vertical distance from
the center of the PCL footprint in femur to the Blumensaat line; LF3, The distance from the center of the PCL footprint to the anterior cortex of the medial femoral
condyle; PCL, Posterior cruciate ligament; PF1, The diameter femoral condyle; PF2, The distance from Blumensaat line to the most distal edge of the medial femo-
ral condyle; PF3, the length of Blumensaat line.
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observed in the PCL area between the left and right knees
(p = 0.560). All data are presented in Table 3.

The Bony Landmarks of PCL in the Fusion Images
In the femur, the trochlear, superficial, and posterior points
were labeled on the fusion images. The LF4, LF5, and LF6
were measured, and their lengths in the left knee were
11.8 � 2.2, 9.5 � 1.5, and 18.2 � 1.8 mm, respectively, and
the corresponding lengths in the right knee were 12.1 � 2.4,
10.3 � 1.8, and 18.1 � 2.0 mm, respectively. All data were
normally distributed and homogeneous. There was no

statistical difference between the left and right knees for each
indicator (p > 0.05). All data are presented in Table 4.

In the tibia, the peak point of the medial intercondylar
ridge of the tibial plateau, the champagne-glass drop-off, and
the medial groove were clearly labeled on the fusion image.
The LT4, LT5, and LT6 were measured, and their lengths in
the left knee were 15.3 � 1.4, 9.2 � 1.8, and 8.4 � 2.4 mm,
respectively, and the corresponding lengths in the right knee
were 16.1 � 1.8, 9.4 � 2.2 and 8.0 � 2.0 mm, respectively.
All data were normally distributed and homogeneous. There
was no statistical difference between the left and right knees
for each indicator (p > 0.05). All data are presented in
Table 5.

Discussion

With the development of arthroscopic techniques, PCL
reconstruction is becoming a common treatment strat-

egy for PCL injuries. Precise anatomical positioning of the
graft tunnel is essential for obtaining good PCL reconstruc-
tion outcomes21. However, at present, the positioning of the
bone tunnel for PCL reconstruction, under arthroscopic sur-
gery, mainly depends on direct vision and intraoperative
imaging positioning during surgery. No matter which inter-
vention is used, there are considerable defects. The direct
vision of arthroscopy largely depends on the doctor’s experi-
ence22. Therefore, it is necessary to establish a knee PCL

Table 3 The area of the PCL footprint in fusion image (mm2,
mean � s)

Femur attachment
of the footprint

Tibia attachment
of the footprint

Left knee 115.3 � 33.5 146.6 � 24.4
Right knee 121.8 � 35.6 142.8 � 19.5
t Value 0.595 0.544
p Value† 0.556 0.560

Abbreviations: PCL: Posterior cruciate ligament.; † A paired t-test was
used, and p < 0.05 means statistically difference.

Table 5 Measurement of relevant bony landmarks around PCL
tibial attachment on fusion model (mm, mean � s)

LT4 LT5 LT6

Left knee 15.3 � 1.4 9.2 � 1.8 8.4 � 2.4
Right knee 16.1 � 1.8 9.4 � 2.2 8.0 � 2.0
t Value 1.569 0.315 0.573
p Value† 0.125 0.755 0.570

Abbreviations: LT4, The distance from apex of medial intercondylar ridge
of tibial plateau to the center of PCL footprint in tibia; LT5, The distance
from champagne-glass drop-off to the center of PCL footprint in tibia; LT6,
The distance from medial groove to the center of PCL footprint in tibia;
PCL, Posterior cruciate ligament.; † A paired t-test was used, and p < 0.05
means statistically difference.

Table 2 The outcomes of the relevant indicators of PCL in tibia by the traditional imaging measurement methods in fusion model
(mean � s)

Indicators LT1 (mm) LT2 (mm) LT3 (mm) LT1/PT1 (%) LT2/PT2(%) LT3/PT3(%)

Value 37.3 � 3.3 45.6 � 5.3 6.0 � 1.2 50.6 � 3.4 84.1 � 2.9 23.6 � 5.2

Abbreviations: LT1, The distance from the center of the PCL footprint to the medial edge of the tibial plateau; LT2, The distance from the center of the PCL foot-
print to the anterior edge of the tibial plateau; LT3, The vertical distance from the center to the lowest plane of the tibial plateau; PCL, Posterior cruciate ligament;
PT1, The width of the tibial plateau; PT2, The anterior and posterior diameter of the tibial plateau; PT3, The length of the rotation angle of the tibial plateau to the
medial tibial plateau.

Table 4 Measurement of relevant bony landmarks around PCL
femoral attachment on fusion model (mm, mean � s)

LF4 LF5 LF6

Left knee 11.8 � 2.2 9.5 � 1.5 18.2 � 1.8
Right knee 12.1 � 2.4 10.3 � 1.8 18.1 � 2.0
t Value 0.412 1.527 0.166
p Value† 0.683 0.135 0.869

Abbreviations: LF4, The distance from apex of the trochlear groove to the
center of PCL footprint in femur; LF5, The distance from superficial point
to the center of PCL footprint in femur; LF6, The distance from posterior
point to the center of PCL footprint in femur; PCL, Posterior cruciate liga-
ment.; †A paired t-test was used, and p < 0.05 means statistically
difference.
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imaging model, which can provide more clinically valuable
and personalized anatomical information.

Thus, we established the knee joint 3D fusion model
based on CT and MRI examination. In the model, the PCL
attachment center and relevant bony landmarks which can
be easily identified under arthroscopy can be accurately mea-
sured. The fusion model can also obtain personalized ana-
tomical data of the PCL on the unaffected side of the patient,
and the data is reliable, which can guide clinical PCL
reconstruction.

Establishment of the Knee Joint 3D Fusion Model
In order to obtain more reliable anatomical information
regarding PCL, multiple researchers reported various
methods. Gali and colleagues reported that the PCL bundle’s
tibial insertions can be identified and marked using metal
tags, prior to knee radiography23. Van Hoof T reported that
a contrast medium injected before computed tomography
(CT) imaging of the knee can segment and render in 3D
imaging, thus, facilitating morphological and morphometric
analysis of the PCL24. Although the 3D image can be
obtained, the soft tissue of knee, such as ACL, PCL, and
meniscus, cannot be shown clearly in CT scan. On the con-
trary, 3D image of knee joint cannot be obtained by MRI
with the advantage showing the soft tissues. In our work, a
fusion model that combines both MRI and CT images from
the same knee joint was established via the MIMICS soft-
ware, which was shown to overcome the respective deficien-
cies of MRI or CT imaging alone, and simulated the
anatomical shape of the knee joint, including, the femur,
tibia, and PCL on MIMICS.

In the model image, the tibia, femur, PCL, meniscus,
and cartilage were clearly visualized, and the shape of the
PCL femoral end footprint was mostly half-moon shaped,
while the tibial footprint area was trapezoidal, which is con-
sistent with the physiological anatomy of the PCL. What’s
more, the area of the PCL femoral and tibia end footprints
was also measured in the fusion model image, and this data
was also consistent with the data from prior studies25. All
this evidence confirmed that the 3D image can satisfy the
anatomical study of PCL.

The Indictors of PCL
It is widely accepted that an accurate determination of the
PCL attachment center is key to the success of PCL recon-
struction. The most frequently used femoral reference
points in recent cadaveric and radiological studies are the
anterior cortical border of the medial femoral condyle, the
articular cartilage border, and the Blumensaat line. Thus,
these landmarks were also measured in the 3D fusion
model image, and they were similar to the values of the
previous study26. Although accurate positioning of the
femoral tunnel during PCL reconstruction is a major fac-
tor in restoring knee stability, the incorrect positioning of
the tibial tunnel can directly affect stability of the poste-
rior and rotational knee joint27. Thus, the relative tibial

PCL reference point was also investigated. The distance
from the PCL tibial footprint center to the medial edge of
the tibial plateau, the anterior edge of the tibial plateau,
and the lowest plane of the tibial plateau were also mea-
sured on the fusion model. This can be highly beneficial
for the surgeon to better determine the tibial tunnel of
PCL under endoscope.

Bone Landmarks Associated with PCL Attachments
However, it is crucial to ask one question: how will the sur-
geon determine the center of the PCL footprint area under
arthroscopy? There must be certain bone landmarks that can
easily be identified under arthroscopy. The 3D fusion model
can answer this question. It can obtain the anatomical
parameters of a patient’s personalized PCL-related markers
under arthroscopy, which can be applied toward the recon-
struction of the knee joint and during tunnel assessment.
The selected reference markers must be measurable under
arthroscopy and must also be accurately identified in a
fusion image. Therefore, in this study, the trochlear vertex,
shallow point (lower point), and posterior point were
selected at the femoral site. In addition, the peak point of the
medial intercondylar ridge of tibial plateau, the champagne-
glass drop-off, and the medial groove were selected at the
tibial site. The arthroscopic landmarks selected in this study
at the femoral and tibial sites are easily identifiable in fusion
images, and we observed no significant variations in the
measured data, indicating that these bone landmarks can be
employed as a unified positioning reference for PCL recon-
struction under arthroscopy. As we all know, there are indi-
vidual differences in the position, size, and shape of the PCL
attachments. Some scholars proposed individualized recon-
struction of the PCL in order to restore the anatomical posi-
tion and biomechanical properties of the PCL to the greatest
extent19. Based on the anatomical symmetry of PCL in both
knees, when there is a unilateral disease of the knee joint or
the PCL on the affected side lacks a stump for reference, per-
sonalized anatomical functional data can be obtained from
the unaffected knee joint to specifically guide the anatomical
reconstruction and functional rehabilitation of the affected
knee joint28,29. Mounting evidence shows that there is no sig-
nificant difference between the right and left knee on the
data of anatomical structures30. Dargel and his colleagues
reported that there was a positive correlation in morphomet-
ric dimensions between right and left knees in one subject,
and there were no significant differences in the morpho-
metric knee joint dimensions between the right and the left
knee of a human subject, including PCL-relevant data25.
The results of this study support the concept of obtaining
PCL morphological reference data from the uninvolved
bilateral knee. We demonstrated that our 3D fusion model
can obtain personalized anatomical data of the PCL on the
unaffected side of the patient, and the data is reliable.
Therefore, it is possible to carry out specific measurements
of the PCL anatomy of each patient to guide personalized
PCL reconstruction.
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Strengths and Limitations
This study established a CT-MRI fusion-based three-
dimensional model, in which the PCL attachment center and
relevant bony landmarks, which can be easily identified
under arthroscopy, can be accurately measured. The person-
alized anatomical data of the PCL on the unaffected side of
the patient can be supported in the model, which can play a
key role in PCL reconstruction surgery. However, our work
encountered certain limitations. First, the radioactivity asso-
ciated in CT imaging may limit the application of the fusion
model. In addition, the high cost of CT and MRI examina-
tions may also limit the popularization and application of
the fusion models. Another limitation is that the PCL beam
splitting was not examined in the fused image. Although
the fusion model can contribute to personalized PCL recon-
struction, it cannot be applied to patients who suffer from
the diseases of bilateral knee. It is important to note that
this research is processed based on healthy people. Thus,
the clinical practices are needed to verify the application
value of this fusion model. Additionally, our sample size
was relatively small. Consequently, a larger sample size is
warranted for further investigations to verify the reliability
of the fusion model.

Conclusion
In summary, MRI and CT three-dimensional image fusion
technology can adequately reconstruct the knee joint, includ-
ing the PCL. The PCL anatomical data, measured on our
model, is highly reliable and can guide clinical PCL recon-
struction. Additionally, the PCL-related landmarks can be

recognized and measured in fusion MRI and CT images
under arthroscopy. This can potentially guide PCL recon-
struction by locating tunnels accurately under arthroscope.
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