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Preservation of kinematics with posterior
cruciate-, bicruciate- and patient-specific
bicruciate-retaining prostheses in total
knee arthroplasty by using computational
simulation with normal knee model
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cruciate-retaining TKA under gait and deep knee bend loading conditions using numerical
simulation.
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internal rotation, when compared with other conven-
tional TKAs under gait loading conditions.
Patient-specific bicruciate-retaining TKA normal kin-
ematics were minimised for femoral rollback and
internal-external rotation under deep knee bend
conditions.

Strengths and limitations
Strength: Kinematics of patient-specific arthroplasty
provides closer to normal knee kinematics under both
gait and deep knee bend loading conditions.
Limitation: This is a finite element analysis study using
a normal adult knee model, rather than patients with
osteoarthritic knees.

Introduction
A major purpose of total knee arthroplasty (TKA) is the
restoration of normal kinematics. However, this is
rarely achieved because one or both cruciate ligaments
may be sacrificed during the operation.’-3 The anterior
cruciate ligament (ACL) is usually removed in TKA,
although other options are now available that are
aimed at either preserving or substituting the posterior
cruciate ligament (PCL).# While there have been many
biomechanical, kinematic and clinical studies, there is
still no consensus whether the PCL should be retained
or replaced in patients undergoing TKA.> In addition,
the most posterior-stabilised prosthesis still does not
restore normal kinematics, because of the absence of
the ACL, even though PCL function has been repli-
cated.? Abnormal post-operative kinematics contribute
to restriction in knee flexion, reduction of quadriceps
efficiency, inferior functional outcome and increased
pain, particularly from the anterior part of the knee.26
These abnormal kinematics are normally prevented by
both the ACL and PCL, which are resected or disabled
in TKA.2

As a result, alternative implant designs and surgical
techniques have been suggested to improve abnormal
kinematics and post-operative outcomes.”® Previous
studies have shown that retention of the ACL leads to
near-normal kinematics in the knee joint.?1" Developing
of a new prosthesis could provide patients with a more
natural knee, a higher level of activity and greater patient
satisfaction.’ In addition, the bicruciate-retaining TKA
has theoretically improved longevity of the implant, by
reducing stress transmitted through the prosthesis when
using a less constrained polyethylene tibial insert.’2 One
such device, developed by Zimmer Biomet (Warsaw,
Indiana), is now used clinically.’®' In order to restore
near-normal post-operative kinematics in TKA, next-
generation materials and new surgical methods such as
navigation, robotics and patient-specific instrumentation
have been developed.’s In particular, patient-specific TKA
has offset the disadvantages of standard, off-the-shelf

TKA prostheses as it is able to restore near-normal anat-
omy.'618 Other advantages of patient-specific TKA
include optimised contact area and stress distribution on
the resected surface of the bone and near-normal joint
kinematics.16-18

However, there has been no report evaluating the bio-
mechanical effects of cruciate-retaining TKA, bicruciate-
retaining TKA, and patient-specific bicruciate-retaining
TKA on kinematics. In this study, we have compared the
kinematics in these different types of prosthesis with a
normal healthy knee under gait and deep knee bend
loading conditions, using finite element analysis. We
hypothesised that patient-specific bicruciate-retaining
TKA restores kinematics close to that of normal healthy
knees because the design is based on normal knee anat-
omy and retains both cruciate ligaments.

Materials and Methods
Normal knee model. A 3D non-linear finite element
model (FEM) of a normal healthy knee joint was devel-
oped using CT and MRI from a 36-year-old male subject.
These were performed with a 64-channel CT scanner
(Somatom Sensation 64; Siemens Healthcare GmbH,
Erlangen, Germany) and a 3T MRI system (Discovery
MR750w; GE Healthcare, Milwaukee, Wisconsin). The
subject had no history of musculoskeletal disorders, nor
any problems related to alignment in the tibiofemoral
knee joint. This computational knee joint model has been
described previously.19-22

The knee joint model was validated with previous
cadaveric data, including analysing the pressure on the
medial and lateral compartments, as well as kinematic
evaluation at 20°, 40° and 60° of knee flexion.22 In
addition, the contact area on the articular cartilage
under weight-bearing conditions?° and kinematics
from a laxity test?! were validated with identical sub-
ject and loading conditions to experiments in our pre-
vious study.

3D reconstruction was initially performed to develop
the FEM. The CT and MRI images were segmented with
software (Mimics 17.0; Materialise, Leuven, Belgium) to
generate 3D lower extremity structures, which were
combined with the positional alignment of each FEM by
using Rapidform (3D Systems Korea Inc., Seoul, South
Korea), in which the bony structure was assumed to be
composed of rigid bodies.2*> The articular cartilage and
menisci were modelled as isotropic and transversely iso-
tropic, respectively, with linear elastic material proper-
ties.2* To simulate meniscal attachments, each meniscal
horn was fixed to bone using linear spring elements.?# In
addition, the major ligaments were modelled with non-
linear and tension-only spring elements.2>-2” The force-
displacement relationship based on the functional
bundles in the actual ligament anatomy refers to the
following:
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y.

Fig. 1
Procedure for patient-specific total knee arthroplasty (TKA) design in
a) patient’s anatomical ‘)" and spline curves, and b) restoration of the patient’s
medial and lateral joint lines and condylar offsets in femoral component and
corresponding polyethylene insert.
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where f(¢) is the current force, k is the stiffness, ¢ is the
strain, and ¢, is assumed to be constant at 0.03. The liga-
ment bundle slack length /, can be calculated by using
the reference bundle length /, and the reference strain &,
in the upright reference position.

The interfaces between the articular cartilage and the
bones were assumed to be fully bonded. Six pairs of tibi-
ofemoral contacts between the femoral cartilage and the
meniscus, the meniscus and the tibial cartilage, and the
femoral cartilage and the tibial cartilage, were modelled
for both the medial and lateral sides of the knee.’® A finite
sliding frictionless hard-contact algorithm with no pene-
tration was applied to all contacts in all articulations.’
Convergence was defined as a relative change of > 5%
between two adjacent meshes. The mean element size of
the simulated articular cartilage and menisci was 0.8 mm.

Design of posterior stabilised TKA

The patient-specific anatomy of the bony structure and
surface data subjected to 3D reconstruction were used to
develop the anatomy of patient-specific bicruciate-retain-
ing TKA. By using Mimics, the 3D images were trans-
formed to standard tessellation language files and
imported into the digital computer-aided-design (CAD)
software 3-Matic (Materialise). 3-Matic version 9.0 makes

it possible to combine geometries from mixed sources
into one project. The initial graphics exchange specifica-
tion files exported from 3-Matic were imported into
Unigraphics NX (Version 7.0; Siemens PLM Software,
Torrance, California) to develop the patient-specific
bicruciate-retaining TKA. The sagittal anatomy of the
patient’s bone was fundamentally used for the geometry
of the patient-specific femoral component.

The three patient-specific ] curves for the trochlear
grooves and the medial and lateral condyles from the
patients’” normal articular anatomy were generated by
the CAD software in this study.?8-32 Planes were intro-
duced into the condyles in the sagittal view, in which the
anatomy of the articulating surfaces was extracted from
the curves (Fig. 1). In general, the femur of a patient in
the coronal plane provides asymmetric lateral and medial
condyles that are defined as the coronal offset. These
patient-specific differences were considered in the
patient-specific femoral component design (Fig. 1). The
coronal offset is defined as the difference in height
between the medial and lateral femoral condyles in the
coronal extension plane. This offset typically supports an
asymmetric extension gap between the tibial articular
surface and the posterior femoral condyles, which needs
to be taken into account.? The lateral posterior condyle
is shorter than the medial condyle and also leads to an
asymmetric flexion gap.3?® These femoral | curves were
matched with patient-specific polyethylene inserts, the
perimeters of which corresponded to an individual tibial
plateau that preserved the distal medial-lateral offset of
the patient’s femoral condyles. This was achieved by the
height of the patient-specific polyethylene insert and
reflected the condylar offset maintaining the normal
mechanical axis alignment. Patient-specific sagittal radii
were also applied to the polyethylene inserts, which were
derived from the sagittal ] curves of the patient’s femoral
condyles. The bone coverage was greater than 95% in
patient-specific bicruciate-retaining TKA.31,33
FEM for standard cruciate-retaining, bicruciate-retaining
and patient-specific bicruciate-retaining TKA. The FEM
for the three different TKAs were developed using a 3D
laser scanner.3* A neutral position FEM was developed for
both standard off-the-shelf TKA and bicruciate-retaining
TKA by using the normal mechanical axes and ligaments
from the normal knee model (Fig. 2). Genesis Il (Smith
& Nephew Inc., Memphis, Tennessee) and Vanguard
XP (Zimmer Biomet) were the standard off-the-shelf and
bicruciate-retaining implants used.

Contact conditions were applied between the femoral
component, polyethylene insert and the patellar button
in TKA. The coefficient of friction between the polyethyl-
ene and metal materials was assumed to be 0.04 for con-
sistency with previous FEMs.35 The femoral component
and tibial baseplate in the models were fully bonded to
the femur and tibia to replicate the bone cement
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Fig. 2d

Fig. 2c

FEM used in analysis: a) standard off-the-shelf cruciate-retaining total knee
arthroplasty (TKA); b) standard off-the-shelf bicruciate-retaining TKA;
) patient-specific bicruciate-retaining TKA; d) normal adult knee.

application.’ The materials for the femoral component,
polyethylene insert and tibial baseplate have been previ-
ously described.3536

The effect of the patient-specific design on the standard
off-the-shelf TKA and on the bicruciate-retaining TKA,
when anterior-posterior forces were applied to the femur
during gait and deep knee bend loading conditions, was
evaluated. The computational analysis was performed
with an anterior-posterior force applied to the femur with
respect to the compressive load applied to the hip.37-40 A
proportional-integral-derivative (PID) controller was incor-
porated into the computational model to allow for the
control of the quadriceps.*!

The control system used to calculate the instantaneous
quadriceps displacement required to match a target flexion
profile was the same as in the experimental group.4!
Internal-external and varus-valgus torques were applied to
the tibia.37-40 FEMs were analysed by using Abaqus soft-
ware (Version 6.11; Dassault Systémes Simulia Corp.,
Providence, Rhode Island). In order to investigate the bio-
mechanical similarity of patient-specific bicruciate-retaining
TKA to the kinematics of the normal healthy knee, certain
measurements were performed. These included anterior-
posterior translations and internal-external rotations of the
tibia in the standard off-the-shelf cruciate-retaining, bicruci-
ate-retaining and patient-specific bicruciate-retaining TKA,
and also in a normal healthy knee, notably under gait and
deep knee bend loading conditions.

A three-cylindrical knee joint model was developed in
six degrees of freedom (6DoF) for relative kinematics of the
tibiofemoral and patellofemoral articulations.*2 Embedded
coordinate frames in the femur, tibia and patella were
considered using nodes, and their positions were evalu-
ated throughout the loading conditions.

Results

Kinematics in the four different knee models by FEM.
Figure 3 shows the anterior-posterior translations and
internal-external rotations of the tibia in standard off-the-
shelf cruciate-retaining and bicruciate-retaining TKA, in
patient-specific bicruciate-retaining TKA, and in a normal
healthy knee under gait loading conditions.

The post-operative patterns of tibial anterior-posterior
kinematics in standard off-the-shelf cruciate-retaining
TKA were not matched with a normal healthy knee under
gait loading conditions (Fig. 3a). However, the tibial
anterior-posterior translation in standard off-the-shelf
bicruciate-retaining TKA and patient-specific bicruciate-
retaining TKA resembled the patterns in a normal healthy
knee under gait loading conditions (Fig. 3a). The tibial
posterior translation in all three TKAs was less than in a
normal healthy knee under gait loading conditions.
Anterior-posterior tibial translation in the anterior direc-
tion was greater by 4.1 mm, 2.9 mm and 1.3 mm, respec-
tively, compared with a normal healthy knee, in standard
off-the-shelf cruciate-retaining TKA, standard off-the-shelf
bicruciate-retaining TKA, and patient-specific bicruciate-
retaining TKA during the swing phase (Fig. 3a).

The internal rotation in standard off-the-shelf cruciate-
retaining TKA was less in the stance phase, but greater in
the swing phase, compared with a normal healthy knee
(Fig. 3b). However, in both standard off-the-shelf
bicruciate-retaining TKA and patient-specific bicruciate-
retaining TKA, the internal rotation was continuously less
than that in a normal healthy knee during the gait cycle
(Fig. 3b). The maximum differences in internal rotation
from a normal healthy knee were 2.3° and 1.2°, respec-
tively, in standard off-the-shelf bicruciate-retaining TKA and
patient-specific bicruciate-retaining TKA during the gait
cycle. Overall, the kinematics of anterior-posterior transla-
tion and internal-external rotation were well matched
between patient-specific bicruciate-retaining TKA and a
normal healthy knee under gait loading conditions (Fig. 3).

Figure 4 shows the rollback of the femur and internal-
external rotation of the tibia in standard off-the-shelf
cruciate-retaining and bicruciate-retaining TKA, in
patient-specific bicruciate-retaining TKA and in a normal
healthy knee under deep knee bend conditions. The kin-
ematics of the knees implanted with patient-specific
bicruciate-retaining TKA provided near-normal femoral
rollback, with a difference of 1.4 mm, but the differences
were 4.9 mm and 9.8 mm in standard off-the-shelf bicru-
ciate-retaining and cruciate-retaining TKA, respectively,
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Evaluations of a) anterior-posterior tibial translation, and b) internal-external tibial rotation in standard off-the-shelf cruciate-retaining total knee arthroplasty
(TKA), standard off-the-shelf bicruciate-retaining TKA, patient-specific bicruciate-retaining TKA and a normal adult knee, under gait loading conditions.

compared with a normal healthy knee under deep knee
bend loading conditions (Fig. 4a).

Tibial internal rotation was less in all standard off-the-
shelf bicruciate-retaining and cruciate-retaining TKA, and
patient-specific bicruciate-retaining TKA, compared with
a normal healthy knee, under deep knee bend

conditions. The differences in tibial rotation were smaller
by 1.4°, 3.4° and 5.8°, compared with a normal healthy
knee, in patient-specific bicruciate-retaining TKA, stand-
ard off-the-shelf bicruciate-retaining TKA, and standard
off-the-shelf cruciate-retaining TKA, respectively, under
deep knee bend conditions (Fig. 4b).
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Fig. 4b

Comparison of kinematics for a) femoral rollback rotation, and b) internal-external tibial rotation in standard off-the-shelf cruciate-retaining total knee arthroplasty
(TKA), standard off-the-shelf bicruciate-retaining TKA, patient-specific bicruciate-retaining TKA and normal knee under deep knee bend loading conditions.

Discussion

Factors such as the surgical procedure, design of the
prosthesis and daily activities can affect post-operative
kinematics of the knee following TKA.43-4> Currently the
bicruciate-retaining TKA is considered to be the optimal
method, because of the weakness of cruciate-retaining
and posterior-stabilising TKA.'2 Johnson et al4¢ evaluated
the integrity of the ACL in 200 patients undergoing TKA
and found that 78% of patients had an intact ACL at

operation, while 69% were intact on MRI. However,
Cushner et al*’ found that only 26% of ACL were still
intact in osteoarthritic patients.

Bicruciate-retaining TKA was developed in the 1960s
to prevent eccentric motion and degradation, and also to
maintain the structural integrity in the replaced knee
joint.37 In 1966, Gunston*84° introduced a resurfacing
technique for femoral condyles and tibial plateaus by
using cemented prosthetic implants that preserved both
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collateral and cruciate ligaments and improved knee sta-
bility resulting in normal knee joint biomechanics.
Unfortunately, the early designs of bicruciate-retaining
TKA led to prosthetic loosening due in part to the more
demanding surgical technique.>® However, the design of
the bicruciate-retaining TKA has now improved.>!

The aim of these advanced prosthetic designs is the
restoration of normal knee function, by preserving the
ligaments in the knee joint, particularly the ACL.43:52
Patients who have undergone bicruciate-retaining TKA
have near-normal function and flexibility, thus providing
better anterior stability to the knee joint.>2 The main find-
ing of our study was that bicruciate-retaining TKA showed
near-normal kinematics compared with cruciate-retaining
TKA; however, the nearest to normal kinematics were
observed in the patient-specific bicruciate-retaining TKA.

During the gait cycle, the standard off-the-shelf bicru-
ciate-retaining TKA and patient-specific bicruciate-retain-
ing TKA showed less internal tibial rotation and greater
posterior translation, compared with standard off-the-
shelf cruciate-retaining TKA. The standard off-the-shelf
bicruciate-retaining TKA and patient-specific bicruciate-
retaining TKA both showed reduced external rotation in
the swing phase, due to the presence of the ACL.
Andriacchi et al*3 reported a mean tibial external rotation
of 2.9° less in the ACL deficient knee in kinematics evalu-
ation when compared with a normal healthy knee, which
is similar to our findings. On the other hand, standard
off-the-shelf cruciate-retaining TKA resulted in abnormal
kinematics, particularly during the swing phase, under
gait loading conditions. Internal rotation in standard off-
the-shelf cruciate-retaining TKA was less in the stance
phase and greater in the swing phase compared with a
normal healthy knee under gait loading conditions. This
rotational tendency could be caused by three factors: 1)
tibial baseplate alignment, 2) polyethylene insert geom-
etry, or 3) integrity of the ACL.4> Internal rotation was
dependent on the conformity of the anatomy during the
stance phase, but an ACL that was removed in standard
off-the-shelf cruciate-retaining TKA was an important fac-
tor during the swing phase, where there is no axial load,
under gait loading conditions. In addition, the kinematic
patterns in standard off-the-shelf cruciate-retaining and
bicruciate-retaining TKA in our study were well matched
with previous reports.?** In contrast, Moro-oka et al4s
reported that bicruciate-retaining TKA resulted in greater
posterior translation and internal rotation than cruciate-
retaining TKA. However, they also acknowledged that the
surgical technique for bicruciate-retaining TKA is more
complicated than that for cruciate-retaining TKA.45

In a normal healthy knee, the tension exerted on the
ACL maintains the lateral femoral condyle anteriorly in
extension.>> In mid-flexion, both the ACL and PCL are
active, whereas only the PCL is a factor in posterior roll-
back with greater flexion under deep knee bend loading

conditions. This finding was also supported by our FEM
of ACL function in anterior translation of the femur with
less flexion, and PCL in femoral rollback with moderate to
high flexion.>¢

Femoral rollback patterns were close to those of a nor-
mal healthy knee in the standard off-the-shelf bicruciate-
retaining and patient-specific bicruciate-retaining TKA in
mid-flexion range, particularly for patient-specific bicruci-
ate-retaining TKA in which the anatomy of the patient
was directly applied. In the patient-specific bicruciate-
retaining TKA, the anatomical convexity of the lateral
tibial articular anatomy is restored with ACL preservation,
which generates a normal femoral rollback pattern. This
contrasts with standard off-the-shelf bicruciate-retaining
TKA, where the asymmetry of the tibial articular surface,
especially for the lateral convexity, was not restored.

There was less internal rotation in all standard off-the-
shelf cruciate-retaining and bicruciate-retaining TKAs and
in patient-specific bicruciate-retaining TKA, compared
with a normal healthy knee under deep knee bend load-
ing conditions. Nevertheless, standard off-the-shelf bicru-
ciate-retaining TKAand patient-specificbicruciate-retaining
TKA showed kinematics that were relatively close to those
of a normal healthy knee, although not identical. This
could be due to stiffness influencing the kinematics and
mechanics of the knee joint.

This study has limitations. First, the anatomy and TKA
design were only virtually implanted in one knee.
However, the advantage of a computational simulation
using a single knee is that we were able to determine the
effects of component alignment within the same subject
without the effect of variables such as weight, height,
bony geometry, ligament properties, and component
size.>” Second, the TKA had been fully bonded and the
effect of micromotion occurring between the tibial
baseplate and the polyethylene insert was not consid-
ered in our study. Third, the intact FEM has not been vali-
dated for TKA, although this approach has been widely
accepted in computational studies in orthopaedic biome-
chanics.19,23,:24.3436,58 Fourth, the bony structure was
assumed to be a rigid body, but bone is not rigid, being
composed of cortical and cancellous bone. However, the
effect of rigidity had minimal influence on our study, as
bone has greater stiffness than the related soft tissues.?3
Fifth, our findings that restoration of the normal anatomy
of the knee joint in patient-specific bicruciate-retaining
TKA and preservation of the ACL lead to improvement in
kinematics is only valid in the normal knee. Sixth,
although the stiffness, length patterns and slack for each
ligament were adjusted from the relevant anatomical lit-
erature, our model does not represent a true simulation
of TKA, especially because of the variety of deformities
that can occur in patients with osteoarthritis, for which
there is no definitive data. Finally, the actual condition of
the ACL or PCL were assumed to be identical to that
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found in the normal knee, but in patients who undergo
TKA, these ligaments would not have been as good as in
a normal healthy knee.

In conclusion, the kinematics of patient-specific bicruciate-
retaining TKA, standard off-the-shelf cruciate-retaining and
bicruciate-retaining TKA have been compared with that of
a normal healthy knee, in order to evaluate the biome-
chanical effects of ACL preservation and patient-specific
design on post-operative outcomes in TKA. The results
showed that restoration of the normal geometry of the
knee joint in patient-specific bicruciate-retaining TKA with
preservation of the ACL may lead to remarkable improve-
ments in kinematics compared with the standard off-the-
shelf cruciate-retaining and bicruciate-retaining TKA.
However, it needs to be stated that it is still unclear
whether restoration of normal knee kinematics should be
the ultimate goal in the osteoarthritic knee.!s
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