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Introduction: The pathophysiology and treatment techniques for posterior cruciate ligament (PCL)
injuries and diseases are currently controversial and leave much room for improvement. However, the
caprine PCL anatomy is not well known.

Methods: Forty-three caprine knees without degenerative or traumatic changes were studied.

Results: The passive range of motion was 42.1 +9.0°to 145.0 + 8.3°for the caprine knee. The PMB was

geyW?TdSI e tighter than the ALB at the most extended angle of the knee. As the knee became flexed, the ALB became
A?;tfolrlr?; cruciate ligament taut whereas the PMB was first relaxed and then taut. The insertion area of the ALB was 43.6 9.3 mm? in

the femur and 23.2 +5.1 mm? in the tibia, respectively. And that of the PMB was 19.1 +4.6 mm? and
39.6 +8.6 mm?, respectively. The distance between the insertion centers of the two bundles was
7.234+0.29 mm on the femur and 5.67 +0.69 mm on the tibia.

Discussion: Quantitative data on the size and morphology of the PCL anatomy were obtained on caprine
knees, which provides guidance for future translational research on the sheep model to improve surgical
techniques for surgical reconstruction and other PCL treatments.

© 2018 Published by Elsevier, a division of RELX India, Pvt. Ltd on behalf of Anatomical Society of India.
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1. Introduction

The posterior cruciate ligament (PCL) is located in the back of
the knee. It is one of several ligaments that connect the femur to
the tibia and it provides the primary restraint to posterior tibial
translation. Injuries to the PCL are more difficult to evaluate than
other ligament injuries in the knee, and the treatment methods
have historically been controversial among the orthopedic
community.! The most common treatment approaches include
the two-root technique which makes two bundles of PCL, the
anterolateral bundle (ALB) and the posteromedial bundle (PMB),
and the inlay technique.>®

However, the success of either technique varies widely from
case to case. Part of the reason was a lack of understanding on the
natural history and pathophysiology of the PCL injuries. In
addition, for all surgical techniques, there also exist many
unanswered questions regarding key factors such as the graft
material and size as well as the tunnel placement. In this regard,
translational research on animal models is a critical step towards
gaining the understanding and refining the techniques. Such
animal studies could provide practical and clinically relevant
guidance on the human case when similar studies on human or
even human cadavers are difficult to conduct due to ethics
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restrictions and lack of resources.” Among different animal
models, large animals are advantageous because of their anatomi-
cal similarity to humans. Large animal models have also provided
an experimental platform for development and evaluation of the
efficacy and safety of novel treatments.'”

Sheep serve as one kind of such experimental large animals for
orthopedic studies, and have been proven useful in many past
investigations."''® From the human case we know that a better
understanding of the anatomical structure of the two bundles of
PCL is the basis of understanding the injuries and performing the
surgical techniques.!” However, to our best knowledge, there has
been very little reported in the literature on the anatomy of the
caprine PCL and no quantitative measurements are available for
anterolateral and posteromedial bundle insertions to the femur
and the tibia. Therefore, this study aims to perform a quantitative
investigation on the anatomy of the caprine PCL. The anatomy
information can then be used in future caprine experiments to
optimize the outcomes of PCL reconstruction and when translating
the sheep data to the human case.

2. Materials and methods

Forty-three caprine knees without observable degeneration or
trauma were used for the investigation. Under the approval of the
institutional animal ethics committee of Second Affiliated Hospital
of Harbin Medical University, the caprine knees were purchased
from a legal slaughterhouse. The knee joint was visually inspected
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on every knee to ensure there was no gross degenerative or
traumatic changes that would have disrupted the PCL or its normal
anatomical relationships. There was also no evidence of osteo-
phytes, articular wear, or meniscal tears in the knees. The mean age
of the knees was 12 months and all knees had passed the
osteoepiphysis stage. All knees were frozen at the time of
collection and maintained at —20°C until the time of analysis.
Before dissection, the knees were thawed overnight and placed on
an upright stand.

For analysis, the passive range of motion of each knee was first
measured using a goniometer with 1° gradation. The arms of the
goniometer were aligned with the femoral and tibial shafts. The
center of the goniometer was placed over the axis of rotation. All
angles were measured relative to the neutral 0° defined as the
complete extension of the femoral shaft. The experiment was
repeated 3 times to ensure the reliability of the measurement
results.

Following the range of motion measurements, the surrounding
skin, muscle and capsule of the knees were removed while leaving
the intra-articular structures intact. The synovial covering of the
PCL was also carefully removed. The two bundles of the PCL, the
anterolateral bundle (ALB) and the posteromedial bundle (PMB),
were identified according to their tension and fiber orientation at
varying knee flexion angles. Alternatively, using a natural gap of
about 2-4 mm depth and 3 mm width dividing the two bundles
near the insertion in the tibia, the ALB and PMB were also
identified. The results of the above two methods to divide the PCL
were cross-checked with each other to assess consistency.

Subsequently, the tension of each of the two bundles was tested
using two bands. As shown in Fig. 1, the red band was used to pull
the PMB, and the blue one to pull the ALB. By pulling the bands
tethered in the middle of the two bundles away laterally, the
tension was estimated and compared at different knee flexion
angles in 10-degree intervals.

Following the tension test, the soft tissues were removed except
for the femoral and tibial footprints of the PCL. To acquire a perfect
sample of the femoral attachments of the PCL, the lateral femoral
condyle was removed with an oscillating saw between the
insertions of the anterior cruciate ligament and the PCL prior to
division. Subsequently, the outlines of the anterolateral and
posteromedial bundle footprints were marked with an electrodrill

Fig. 1. Experimental setup for the bundle tension test at different knee flexion
angles. As shown, using the red band to pull the PMB, and the blue band to pull the
ALB, the relative tension of the two bundles was compared at different knee flexion
angles between the most extended and the most flexed angles.

and a pencil. Following the marks, the bundles were completely
abraded from the bone. For consistency, all dissections and
markings were performed by a single orthopedic surgeon.

High-resolution digital images with a consistent predefined
setting were acquired for all samples using a tripod-mounted
digital camera (D70, Nikon Corp, Tokyo, Japan). To ensure the
measurement accuracy, all images were calibrated by including a
coin of 20 mm diameter next to the sample in the same plane of the
maximum surface area of the footprint. The coin and the to-be-
measured footprint were carefully positioned in the same plane
and checked with a level as shown in Fig. 2. All images were
imported into an image analysis software, Image], to calculate the
areas of insertion footprints and the distance between the
footprint centers between the two bundles on both femur and
tibia. The pixel dimension of each image used for calculation was
then calibrated using the coplanar coin on the image based on its
known size.

3. Results

The passive range of caprine knee motion was 42.1 £9.0°to
145.0 + 8.3°. Unlike human knees that fully extend at 0°, the most
extension of caprine knees was at about 40°. At this most extended
angle, the PMB was tighter than the ALB. As the caprine knee
became flexed, the ALB gradually became more taut whereas the
PMB first became more relaxed and then taut.

The anterior and posterior views of the caprine knee and the
cruciate ligament (Fig. 3a-d), as well as the posterior view and the
cleft between the two bundles of the PCL (Fig. 3e-f) are shown in
Fig. 3, as obtained at the different stages of dissection as described
in the Methods section. As shown in Fig. 3f, a cleft of about 2-4 mm
depth and 3 mm width naturally divides the ALB and the PMB near
the insertion in the tibia.

For the insertion area measurement, it was important to ensure
that the coin used for scale calibration was coplanar with the
insertion footprint to be measured. For the caprine knee, the
relative positioning of the insertion footprints of the two bundles
was different on the femur versus on the tibia. On the tibia, the
insertion footprints of the two bundles are coplanar, so a single
image could be acquired for the area measurement of both
bundles. But because on the femur the insertion footprints of the
two bundles were not coplanar but approximately perpendicular
to each other, three images were acquired for the femoral insertion
sites, including one image at about 45° angle to both footprints for
calculating the distance between the two footprint centers, and

Fig. 2. An example digital image for the bundle insertion footprint surface area
measurement. For scale calibration, a coin (diameter=20 mm) was placed next to
the footprint with the coin positioned in the same plane with the footprint, verified
with a level. The image was also marked with the sample number (knee #13 in the
example).
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Fig. 3. Anatomical views of the caprine knee: (a) the anterior view of the whole knee, (b) the posterior view of the whole knee, (c) the anterior view of the cruciate ligament,
(d) the posterior view of the cruciate ligament, (e) the posterior view of the PCL, and (f) the cleft naturally dividing the ALB and the PMB near the tibia.

two others each acquired en face to one footprint surface with the
coin coplanar to measure the maximum area. An example image is
shown in Fig. 4 in which the coin was aligned to be coplanar with
the ALB.

Fig. 4. An example image showing the coin aligned coplanar with the ALB footprint
for the ALB femoral insertion footprint surface area measurement. A different image
was acquired with the coin coplanar with the PMB footprint to measure the PMB
footprint area and a third image was acquired along the diagonal plane between the
two bundle surfaces to measure the footprint center distance.

The average surface areas of the PCL femoral and tibial insertion
footprints are shown in Table 1. The distance between the centers
of the two bundles on the femur and tibia was 7.23 4+ 0.29 mm and
5.67 +0.69 mm, respectively.

4. Discussion

Knowledge of the biomechanical function of the native PCL and
its individual bundles provides a framework for the understanding
of the kinematic function in both the isolated PCL-deficient knee
and in the multiligament injury state.'® However, the natural
history of the PCL injuries has yet to be elucidated fully and the
surgical techniques for repair also leave much room for improve-
ment. Animal models, especially those of large animals, play a key
role in the ongoing research to understand the pathophysiology
and to develop and refine the treatment techniques for PCL
injuries. Sheep has been one such important animal model.''~'® For
example, Scheffler et al. conducted a key study using 48 sheep to
compare allografts and autografts for anterior cruciate ligament
reconstruction.'®

At the same time, it is important to note that although the
anatomy of large animal models like sheep is markedly similar to
that of humans than the small animal models, there still exist some

Table 1
Average surface area (in mm?) of the caprine PCL attachments (insertion footprints)
to the femur and tibia.

Overall ALB PMB
Femur 63.73+14.35 43.61+9.34 19.09 +4.65
Tibia 62.81+10.89 23.23+£5.07 39.58+-8.58
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anatomic differences. In our study we found a passive motion
range of caprine knees from about 42° to about 145°. While the
largest flexion at 145° resembles that of human knees, the sheep
model couldn’t reach a neutral 0° angle whereas the human knee
could be brought to full extension. This result was in agreement
with previous findings.?! It is crucial to keep this difference in mind
when translating sheep data to the human case.

Previous anatomic studies have mechanically characterized the
individual bundles of the human PCL, showing that the normal ALB
is more taut in flexion and more lax in extension.'®,° The reverse is
true for the human PMB that it is relatively more taut in extension
and more lax in flexion. Whereas for the sheep model, we observed
that while the caprine ALB behaves in the same way as the human
ALB, the caprine PMB first become more lax but then become taut
in flexion. Although we did not quantify the tension during this
experiment, the above qualitative finding was verified with repeat
experiments and on different caprine knees.

Qualitative topographic assessment and quantitative surface
area measurement of the ALB and PMB footprints are important to
improve the currently varying success of PCL reconstruction. The
accurate characterization of the location and size of the two
bundles of the PCL on the femur and tibia is necessary for the
accurate placement determination of femoral and tibial tunnels,
therefore ultimately crucial for the outcomes of reconstructive
surgery. There have been a large body of literature investigating
and reporting on these measurements for the human PCL.2>%~27

These human investigations were conducted using human
cadaveric knees. To compare with the caprine knee results
obtained in our study, we summarized the human knee results
in Table 2 from the femoral investigations by Forsythe et al. and
Lopes et al. and the tibial investigation by Tajima et al. >*~2° From
those studies, the center distance between the two bundles from
these studies was 11 £1.18 mm for the femoral attachments and
8.2+1.3 for the tibial attachments, respectively. The data were
summarized from studies by Forsythe et al., Lopes et al., and Tajima
et al. 2426

Compared with human knees, the caprine PCL bundles were
found to have smaller surface areas and smaller bundle center
distances in our study. Also, while the insertion sites of the two
bundles were found to locate in different planes for both tibia and
femur in human knees, the insertion sites for caprine tibia were
found to be relatively coplanar in our study. To our knowledge, this
is the first time the morphology and quantitative measurements of
the PCL anatomy have been reported for the sheep model. These
results will be critical to optimize the techniques and outcomes for
surgical reconstruction experiments on sheep, and to translate
existing and future caprine data to the human case.

There also exist some variations in different literatures on area
measurements of the human PCL bundle attachments in addition
to the results summarized in Table 2. For example, Takahashi et al.
reported areas of the ALB and the PMB in the femur of 58.0 +-25.4
and 64.6+24.7 mm? and those in the tibia of 46.7 +15.6 and
115.8 + 54.6 mm? ?’. Luo et al. reported femoral footprint areas of
78.53 +28.38 mm? for the ALB and 72.71 +28.39 mm? for the PMB,
and tibial footprint areas of 83.99 +23.29 and 76.01 £15.76 mm?,
respectively.>> Contributing to these variations were multiple
factors. Because these human studies were all performed on
cadaveric knees, traumatic or degenerative changes on some knees
could have contributed some uncertainties. In contrast, the current

Table 2
Average surface area (in mm?) of the human PCL attachments to the femur and tibia.
Overall ALB PMB
Femur 209 +33.82 118 £23.95 90 +16.13

Tibia 2439+38.2 93.1+16.6 150.8 £31.0

caprine study selected knees all of the same age and free of any
traumatic or degenerative change. Another big variation among
the human studies was the methods using which the footprint area
measurements were made. Due to the complex shape and
orientation of the footprint, the measurement could have large
uncertainties. In our study, measurements were made on digital
images using image processing and analysis software, which
largely ensured the objectivity and improved the accuracy of the
measurements. In addition, during the image acquisition, the coin
used for pixel size calibration was carefully positioned in the same
plane as the footprint and verified with a level to maximize the
accuracy of the measurement.

As a future direction to extend the current research, the
replacement grafts can be investigated for the caprine PCL, by
determining the kinematic contribution of the bundles as well as
the in situ forces in them in response to various external loading
conditions. Histology can also be studied to compare with the
human PCL.

5. Conclusion

In Conclusion similar to the human PCL, the caprine PCL also
consist of a complex fibrous architecture that can be functionally
divided into 2 components, the ALB and the PMB, with each
component having specific insertions. In this study, we have
provided a visualization of the 2-dimensional shapes as well as the
quantitative measurements of these insertions. This information
on the specific insertion site areas and geometry can aid in tunnel
placement for both single- and double-bundle reconstructive
techniques on the sheep model and for future translation of the
caprine data to the human case.
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