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Background: The decision to choose cruciate retaining (CR) insert or cruciate substituting (CS) insert
during total knee arthroplasty (TKA) remains a controversial issue. We hypothesized that there are
different knee kinematics between CR and CS inserts and that a raised anterior lip design would offer a
potential minimization of the paradoxical movement and provide joint stability. The objective of this
study was to evaluate and compare kinematics of a CR and CS TKA of the same single-radius design.
Methods: We investigated the in vivo knee kinematics of 20 knees with a CR TKA (10 knees in the CR
insert and 10 knees in the CS insert). Patients were examined during deep knee flexion using fluoroscopy
and femorotibial motion was determined using a 2- to 3-dimensional registration technique, which used
computer-assisted design models to reproduce the spatial positions of the femoral and tibial compo-
nents. We evaluated the knee range of motion (ROM), femoral axial rotation relative to the tibial
component, anteroposterior translation, and kinematic pathway of the nearest point of the medial and
lateral femoral condyles on the tibial tray.
Results: The average ROM was 121.0 ± 17.3� in CR and 110.8 ± 12.4� in CS. The amount of femoral axial
rotationwas 7.2 ± 3.9� in CR, and 7.4 ± 2.7� in CS. No significant difference was observed in the amount of
anterior translation between CR and CS. The CR and CS inserts had a similar kinematic pattern up to 100�

flexion that was central pivot up to 70� flexion and then paradoxical anterior femoral movement until
100� flexion.
Conclusion: The present study demonstrated that there was no significant difference between the inserts
in knee kinematics. These kinematic results suggested that the increased anterior lip could not control
anterior movement in the CS insert.
© 2021 Asia Pacific Knee, Arthroscopy and Sports Medicine Society. Published by Elsevier (Singapore) Pte
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Total knee arthroplasty (TKA) is a successful procedure for pain
relief and functional restoration in patients with advanced knee
osteoarthritis,1,2 and has excellent long-term results, with several
designs having greater than 90% survivorship at 10e20 years
postoperatively.3,4

Recent reports show that approximately 19% primary TKA pa-
tients were not satisfied with their outcomes5 and patients
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undergoing TKA expressed lower satisfaction when compared with
patients undergoing THA6 in general. The difficulty in performing
activities of daily life has significant influence on patient satisfac-
tion and expectations. In particular, “squatting” is a very important
activity that significantly correlates with patient expectation after
TKA.7 Therefore, manufacturers have attempted to improve the
stability and durability of their designs and recreate kinematics that
better approximate those seen in the native knee.

Many factors affect the determination of in vivo knee kinematics
after TKA, particularly the effect of implant design.8e10 Previous
studies have reported that the implant design substantially affects
knee kinematics in deep knee flexion under weight-bearing.11e13

Thus, the geometry of the tibial polyethylene insert may affect
knee kinematics.
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Table 1
Patient demographics.

Parameters CR CS P Value

Age (years) 72 ± 12.4 68.6 ± 8.5 0.17
BMI (kg/m2) 25.1 ± 3.4 27.2 ± 2.1 0.34
Gender (Male:Female) 3:7 2:8 0.61
Diagnosis (OA:RA) 8:2 9:1 0.54
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On the other hand, there is some controversy over whether it is
best to retain the posterior cruciate ligament (PCL) and use a cru-
ciate retaining (CR) prosthesis or to remove it and use a cruciate
substituting (CS) prosthesis during TKA.

CR designs offer the potential advantage of preserving the PCL,
which in turn may aid knee kinematics, maintain femoral rollback
during flexion, and increase the overall stability of the prosthe-
sis.14e17 Despite the excellent outcomes reported for CR designs,
some authors have expressed doubts about the function of the
remaining PCL in CR knees, questioned the above advantages and
reported conflicting results regarding anteroposterior laxity, rela-
tive difficulty of surgery and decreased range of motion.18,19

The Triathlon total knee system (Stryker Orthopaedics, Mahwah,
New Jersey, USA) was introduced in 2004. The femoral component
has a single-radius from 10� to 110� flexion and the insert has a
spherical rotary arc design to facilitate the rotation needed for deep
knee flexion. These designs were made in an attempt to recreate
natural knee kinematics without losing stability and to maximize
range of motion.

Compared with the standard CR insert, the more constrained CS
insert has a raised anterior lip that provides greater anterior
constraint and a recess to allow for stability in hyperextension
(Fig. 1), and it can be used in cases where the PCL is sacrificed but a
Posterior Stabilized (PS) insert is not used.

However, even if the posterior cruciate ligament is retained in
conventional knee implant, paradoxical anterior femoral move-
ment with increasing flexion can sometimes be present with
bicondylar femoral rollback occurring after that during deep knee
flexion.14e16 It has not been clearly determinedwhether the use of a
CS insert with the increased anterior lip could provide greater
anterior constraint in vivo.

We hypothesized that there are different knee kinematics be-
tween CR and CS inserts and that a raised anterior lip design would
offer a potential minimization of the paradoxical movement and
provide joint stability. The objective of this study was to evaluate
and compare in vivo kinematics of the CR and CS inserts in the same
single-radius CR TKA design during deep knee flexion.
Fig. 1. Comparison of the insert surface geometry. The insert has spherical rotary arc desig
posterior geometry.
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2. Materials and methods

We analyzed 20 knees of 17 patients who underwent successful
TKA resulting in a Knee Society Score higher than 90 points. The
review board committee of the author's institution approved this
study and informed consent was obtained from all patients. All
patients were implanted with Triathlon CR femoral components.
The same tibial tray was used in all patients, with 10 knees having
the CR insert with retained PCL between November 2008 and
March 2011 and 10 knees having the CS insert with PCL sacrifice
between May 2011 and May 2012. One senior author performed all
the TKA procedures on the subjects using standard operative
techniques. The rehabilitation regime was identical in the two
groups. Postoperatively all patients were allowed for full weight-
bearing, and they underwent rehabilitation the day after the
operation. Mean age at the surgery was 70.3 ± 10.5 years (range,
38e80 years). Four patients were male and thirteen were female.
Fourteen patients were diagnosed with osteoarthritis and three
patients were diagnosed with rheumatoid arthritis. Average dura-
tion between the surgery and fluoroscopic surveillance was
17.2 ± 10.1 months (range, 7e41 months). The patient de-
mographics are summarized in Table 1. Both groups were compa-
rable with regard to age, gender, diagnosis, pre-operative range of
motion (ROM) and follow-up period. The radiographic component
alignment was evaluated following the Knee Society TKA Roent-
genographic Evaluation. In the anteroposterior view, the alignment
of femoral component was 95.9 ± 1.4� in CR and 96.4 ± 1.8�in CS (a
angle) and the tibial anglewas 89.5± 1.5� in CR and 89.5± 1.4� in CS
n. Compared with the CR insert, the CS insert has a raised anterior lip and the same

Pre-operative flexion contracture (�) 7.5 ± 10.6 10.8 ± 11.4 0.73
Pre-operative flexion angle (�) 107.5 ± 16.7 105.8 ± 22.3 0.74
Follow-up (months) 21.2 ± 11.2 12.3 ± 5.8 0.06
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(b angle). In the lateral view, the alignment of femoral component
was 2.2 ± 1.9� flexion in CR and 2.8 ± 2.1� flexion in CS (g angle) and
the tibial posterior slope was 1.6 ± 1.7� in CR and 2.0 ± 1.9� in CS (d
angle).

Under fluoroscopic surveillance in the sagittal plane, each patient
was asked to perform sequential deep knee flexion under weight-
bearing condition from full extension to maximum flexion. All pa-
tients stood with feet in neutral rotation. Patients were allowed to
hold onto a handrail for safety. The patients practiced the motion
several times before recording. Successful knee motions were
recorded as serial digital radiograph images (1024 � 1024 � 12 bits/
pixels, 7.5 Hz serial spot images as a DICOM file) on a 17-inch flat
panel detector system (C-Vision Safire L; Shimadzu, Kyoto, Japan).

Individual component spatial positioning was estimated using a
two-dimensional to three-dimensional (2D/3D) registration tech-
nique (Fig. 2).20e22 This technique was based on a contour-based
registration algorithm using single-view fluoroscopic images and
3D computer-aided design models. Estimation accuracy of the
relative motion between metal components was �0.5� in rotation
and �0.4 mm in translation.

We evaluated the ROM of knee joint, femoral axial rotation
relative to the tibial component, and anteroposterior (AP) trans-
lation of the nearest point of the medial and lateral femoral con-
dyles on the tibial tray.

The origin was defined as the center of gravity for the compo-
nent in the femoral coordinate system, and as the center of the
tibial tray surface in the tibial coordinate system. Knee rotations
were described using the joint rotational convention of Grood and
Suntay.23

Flexion of the femoral component relative to the tibial compo-
nent was denoted as positive and extension was denoted as nega-
tive. External rotation of the femoral component relative to the
tibial component was denoted as positive. In addition, AP trans-
lation of the nearest points between the femoral component and
the tibial component was measured to evaluate the kinematic
pathways. The nearest point was determined as the center of quasi-
contact by calculating the closest distance between the surfaces of
computer-aided design models for each of the medial and lateral
sides. AP positions of the nearest points anterior to the centers of
Fig. 2. A two-dimensional to three-dimensional (2D/3D) registration. 2D/3D registration t
femoral and tibial components from single-view fluoroscopic images (A:CR insert, B:CS ins
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the coordinate system in the tibial component were denoted as
positive, and the posterior positions as negative.

All data were expressed as mean ± standard deviation (SD).
Non-parametric ManneWhitney tests were used for comparisons
of femorotibial nearest points and comparisons between CR and CS.
Values of p < 0.05 were considered statistically significant.
3. Results

3.1. Range of motion (ROM)

The mean maximum knee extension angle was �1.6 ± 11.0�

(�15.4 to 12.7) in CR and �0.6 ± 5.6� (�7.5 to 9.8) in CS. The mean
maximum knee flexion angle was 119.4 ± 11.0� (102.6e130.7) in CR
and 110.2 ± 8.6� (97.9e122.9) in CS. The mean ROM was
121.0 ± 17.3� (92.3e139.0) in CR and 110.8 ± 12.4� (88.2e126.0) in
CS. No significant difference was observed between CR and CS with
regard to the ROM (p ¼ 0.14).
3.2. Femoral axial rotation

Regarding axial rotation of the femoral component relative to
the tibial component, the mean degree of femoral axial rotation
was 5.4 ± 3.2� (1.3e9.4) in CR and 2.8 ± 3.7� (�1.1 to 9.0) in CS at
maximum extension. Mean axial rotation of the femoral compo-
nent exhibited gradual external rotation from maximum extension
to maximum flexion, and external rotation increased up to
maximum flexion (Fig. 3). The mean degree of axial rotation was
12.6 ± 4.2� (6.1e17.0) in CR and 10.2 ± 3.7� (3.6e16.2) in CS at
maximum flexion. All knees exhibited external rotation.

The mean range of axial rotation from maximum extension to
maximum flexion was 7.2 ± 3.9� (3.7e15.4) in CR and 7.4 ± 2.7�

(2.8e11.5) in CS. No significant difference was observed in the
amount of femoral external rotation (p ¼ 0.60). Five of 10 knees in
CR and 7 of 10 knees in CS had external rotation more than 5�.
Furthermore, 2 of 10 knees in CR and 2 of 10 knees in CS had
external rotation more than 10�.
echnique uses computer-assisted design models to reproduce the spatial position of
ert).



Fig. 3. Axial Rotation. Regarding axial rotation, the external rotation of the femoral
component relative to the tibial component increased up to maximum flexion.
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3.3. Anteroposterior (AP) translation

The mean AP translation of femorotibial nearest point was
shown in Fig. 4A for medial side and Fig. 4B for lateral side.

In CR, the medial side of AP nearest point was �1.9 ± 2.4 mm
(�5.0 to 3.0) at 0� flexion. The medial nearest point moved grad-
ually 3.9 ± 1.7 mm (0.7e6.4) anteriorly from 0� to 100� flexion, then
moved 1.5 ± 2.0 (�0.2 to 5.7) mm posteriorly until 120� flexion. The
lateral side was �6.9 ± 2.1 mm (�9.0 to �3.3) at 0� flexion. The
lateral nearest point moved 2.8 ± 2.4 mm (�1.7 to 5.9) posteriorly
from 0� to 70� flexion, and then moved 2.1 ± 0.9 mm (0.8e3.7)
anteriorly from 70� to 100� flexion, and afterward moved
2.1 ± 2.9 mm (0.1e7.2) posteriorly until 120� flexion.

In CS, the medial side of AP nearest point was �2.4 ± 0.7 mm
(�3.4 to �1.4) at 0� flexion. The medial nearest point moved
gradually 4.1 ± 1.8 mm (1.3e6.8) anteriorly from 0� to 100� flexion,
then moved 0.4 ± 0.6 (�0.2 to 1.7) mm posteriorly until 120�

flexion. The lateral side was �4.4 ± 2.5 mm (�2.0 to �8.9) at
0� flexion. The lateral nearest point moved 4.2 ± 2.1 mm (1.7e7.1)
posteriorly from 0� to 70� flexion, and then moved 1.6 ± 0.8 mm
(0.0e2.6) anteriorly from 70� to 100� flexion, and afterward moved
0.6 ± 0.9 mm (�0.5 to 2.3) posteriorly until 120� flexion.

No significant differencewas observed in the amount of anterior
translation between CR and CS (medial; p ¼ 0.92, lateral; p ¼ 0.46).

3.4. Kinematic pathway

From the results of bilateral nearest points at each flexion angle,
patterns of kinematic pathways were determined (Fig. 5).

From 0� to 70� knee flexion, the medial side moved forward
continuously, whereas the lateral side moved backward continu-
ously. There was no significant difference between the amount of
movement in medial and lateral side until 70� flexion (CR; p ¼ 0.17,
Fig. 4. Anteroposterior translation. Femoral anteroposterior translations of the me
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CS; p ¼ 0.10). Therefore, the kinematic pattern was central pivot in
both CR and CS.

From 70� to 100� knee flexion, both sides moved anteriorly, then
the kinematics changed into bicondylar rollback, which both sides
moved backwards until 120� flexion. Both sides in CR moved more
posteriorly than those in CS from 100� flexion, but there was no
significant difference between the amount of posterior movement
in CR and CS (medial; p ¼ 0.29, lateral; p ¼ 0.24) statistically.

4. Discussion

This study presented the detailed in vivo kinematics of
sequential deep knee flexion and compared kinematics between
the CR and CS inserts in the same single-radius CR TKA design.
These kinematic results indicated that there was no significant
difference between the inserts.

We hypothesized that there may be different knee kinematics
between CR and CS inserts. Some authors have previously
compared kinematics of CR and CS designs. However, CS designs
represent posterior stabilized (PS) designs having the post-cam
mechanism in most studies.24,25 Few studies have focused on a
more dished tibial insert referred to as a cruciate sacrificing design,
same as design used in this study. As far as we know, our study is
the first to compare in vivo kinematics between the CR and CS
inserts in detail.

With regard to femoral axial rotation, the kinematic patternwas
central pivot with an external rotation that the medial condyle
moved anteriorly and the lateral side moved posteriorly in both CR
and CS. This is conceivable that the femoral component rotated
along the shape of insert that has spherical rotary arc design.

Several in vivo kinematic studies have found that paradoxical
anterior femoral movement of the medial femoral condyle during
knee flexion can occur in conventional TKA.12,14e16 This is sup-
ported by our fluoroscopic data, showing that paradoxical anterior
femoral movement was observed in both CR and CS TKAs.

The absence of the anterior cruciate ligament (ACL) allows the
tibia to slide forward, putting the femur in a posterior position near
full extension and then the femur will slide forward as a compen-
satory mechanism during knee flexion, which has been observed in
ACL-deficient knees and in TKAs that sacrifice the ACL.26 Our results
showing the posterior translated positions of the femur in exten-
sion and the paradoxical anterior femoral movement during mid-
flexion could possibly be explained by the same mechanism.

Triathlon is designed to allow for ±10� of rotation in hyperex-
tension and extension27 and to accommodate up to 20� of internal/
external rotation in the deep flexion. The present result showed
that range of axial rotation and rotational position were within an
allowable range of its design concept in both CR and CS.

Also, we hypothesized that a raised anterior lip design would
offer a potential minimization of the paradoxical movement and
provide joint stability according to its design concept.
dial (A) and lateral (B) femorotibial nearest points during deep knee flexion.



Fig. 5. Kinematic pathway. From the results of bilateral nearest points at each flexion angle, patterns of kinematic pathways were determined (A: CR insert, B: CS insert).
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With regard to AP translation of femorotibial nearest point, we
did not observe knee kinematics, demonstrating that the anterior
movement was statistically different between the two designs in
mid-flexion. In other words, these results indicated that the
increased anterior lip could not control medial anterior sliding in
the CS insert.

This study also showed that there was no significant difference
between the amount of femoral rollback in CR and CS during deep
knee flexion. This could be related to the constraints of the pros-
thesis design which posterior part is not flat but rather has a raised
posterior lip.

From the above kinematic results, the CR TKA could be con-
verted to the CS TKA with PCL sacrifice because of insufficiency of
PCL or difficulty of surgery without significantly changing the ki-
nematics of the knee. Otherwise, the PS TKA would be the better
option because it might be effective to reduce the paradoxical
movement and provide stability in mid-flexion ranges.

This study has a number of limitations. First, the number of
patients was relatively small. However, some previous reports have
analyzed 10e20 knees.11e16 Second, we have measured kinematics
of only deep knee flexion motion. We are now undergoing analysis
of many functional activities (e.g., walking, stair up and down,
sitting on and rising from a chair, etc.) to investigate factors
affecting kinematics of TKA. Additionally, the outcomes might be
affected by other surgical factor such as components' alignment
within the bones and soft-tissue balance. Future studies should
examine surgical factors influencing the TKA kinematics.

In conclusion, this study presented the detailed in vivo
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kinematics of sequential deep knee flexion and compared kine-
matics between the CR and CS inserts in the same single-radius CR
TKA design. Paradoxical anterior femoral movement was shown
until 100� flexion in both CR and CS. These results indicated that the
increased anterior lip could not control anterior sliding. Moreover,
our kinematic results will support for surgeons to decide which to
choose and suggest that the CR TKA could be converted to the CS or
PS TKA with PCL sacrifice because of insufficiency of PCL or diffi-
culty of surgery.
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