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ACL-sacrificing (PCL-retaining) implant, as well as the 
native knee. The motion of the femoral condyles relative to 
the tibia was recorded for kinematic comparisons.
Results  The ACL-substituting and ACL-retaining implants 
provided similar kinematic improvements over the ACL-
sacrificing implant, by reducing posterior femoral shift in 
extension and preventing paradoxical anterior sliding. Dur-
ing all simulated activities, the ACL-sacrificing implant 
showed between 7 and 8  mm of posterior shift in exten-
sion in contrast to the ACL-retaining implant and the ACL-
substituting design, which showed overall kinematic trends 
similar to the native knee.
Conclusion  The absence of ACL function has been linked 
to abnormal kinematics and joint stability in patients with 
contemporary TKA. ACL-substituting implants could be a 
valuable treatment option capable of overcoming the limi-
tations of contemporary TKA, particularly when retaining 
the native ACL is not feasible or is challenging.

Keywords  Total knee arthroplasty · ACL substitution · 
Kinematics · Dynamic simulation

Introduction

In the native knee, anteroposterior stability is granted by 
the anterior cruciate ligament (ACL), primarily in early 
flexion and in conjunction with the posterior cruciate liga-
ment (PCL) throughout knee motion. The ACL contributes 
to the so-called screw-home mechanism that is associated 
with anterior location of the femur on the tibia near full 
extension, while the PCL drives posterior femoral rollback 
in high flexion [2, 7, 32, 33]. Hence, in the native knee, 
both ACL and PCL play a major role in joint stability and 
kinematics.

Abstract 
Purpose  One of the key factors responsible for altered kin-
ematics and joint stability following contemporary total 
knee arthroplasty (TKA) is resection of the anterior cruci-
ate ligament (ACL). However, ACL retention can present 
several technical challenges, and in some cases may not be 
viable due to an absent or nonfunctional ACL. Therefore, 
the goal of this research was to investigate whether sub-
stitution of the ACL through an anterior post mechanism 
could improve kinematic deficits of contemporary posterior 
cruciate ligament (PCL) retaining implants.
Methods  Kinematic analysis of different implant types 
was done using KneeSIM, a previously established 
dynamic simulation tool. Walking, stair-ascent, chair-sit, 
and deep knee bend were simulated for an ACL-substi-
tuting (PCL-retaining) design, a bi-cruciate-retaining and 
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Current efforts to restore native knee function following 
total knee arthroplasty (TKA) aim to retain both ACL and 
PCL through the use of bi-cruciate-retaining (BCR) implants 
or bi-unicompartmental procedures. In  vivo, in  vitro 
(cadaver), and computational studies have shown that ACL 
preservation provides more normal kinematics than contem-
porary ACL-sacrificing TKA [10, 19, 23, 35, 43].

Several studies investigating TKA implants found the 
tibiofemoral contact to be shifted to the posterior portion 
of the tibia when the ACL was not present [9, 34, 42]. 
This is in contrast to studies investigating ACL-retaining 
implants [35, 36]. In functional outcome studies, TKA 
patients with contemporary ACL-sacrificing implants 
have reported abnormal feeling knees after joint replace-
ment, which may be linked to these kinematic impair-
ments [8, 25].

However, in spite of potential benefits of ACL reten-
tion, ACL-retaining total knee arthroplasty is currently 
not part of standard TKA practice. This is due to per-
ceived technical difficulties in retaining and balancing 
both ACL and PCL, lack of availability of such implants, 
and clinical contraindications including the absence of 
a functional ACL at surgery. Patients undergoing TKA 
often present with an absent or nonfunctional ACL at the 
time of surgery due to the progression of arthritis or due 
to prior trauma. Incidence of a functional ACL at the time 
of TKA surgery is reported to range from 25 to 86% of the 
patients [13, 15]. Concerns have also been raised about 
the tibial baseplate design changes required to accommo-
date the ACL, specifically reduction in surface available 
for implant fixation and the strength of the tibial baseplate 
[26, 29]. Further, these designs create a tibial bone island 
around the ACL attachment, which could fracture [20], 
particularly in the presence of osteoporotic bone or due to 
improper ligament balancing resulting in increased ACL 
tension [28].

The hypothesis of this study was that an ACL-substitut-
ing tibial implant designed with an anterior post mecha-
nism to replace the ACL function while allowing retention 
of the PCL (ASCR: ACL-substituting, cruciate (PCL)-
retaining) could improve the kinematics of contemporary 
cruciate-retaining (CR) designs. The primary purpose of 
such an ACL-substituting implant would be to locate the 
femur anteriorly in extension like in native knees, while 
allowing the PCL to guide knee motion at higher flexion 
angles. An implant incorporating this new concept of an 
ACL-substituting post that also allows for PCL retention 
may be of significant clinical value. Such an implant may 
satisfy surgeons desire to improve kinematic abnormalities 
of CR implants, without the challenges posed by attempt-
ing to retain the native ACL.

Materials and methods

This hypothesis was tested by using dynamic compu-
tational simulations performed in KneeSIM software 
(LifeModeler, San Clemente, CA) to evaluate kinemat-
ics of implant designs that either retain (BCR), substitute 
(ASCR), or sacrifice the ACL (CR) in comparison with the 
native knee simulation.

KneeSIM is a previously validated software tool that 
mimics an oxford-type physical test set-up (Fig.  1) com-
monly used to test/analyse kinematics of knee implant 
designs in cadaver specimens [27]. This software tool uses 
rigid body dynamics coupled with elastic foundation con-
tact modelling to simulate knee mechanics and has been 
used by several researchers to analyse kinematics of dif-
ferent knee implant designs, effect of variation in compo-
nent positioning, etc. [6, 24, 37, 43]. In particular, Patil 
et al. validated their computational model within KneeSIM 
using experimentally measured kinematic and kinetic data, 
and found major trends plotted as function of knee flexion 
angle to be similar between the computational and experi-
mental results [6]. Magnetic resonance imaging (MRI) data 
from a previous IRB-approved study (2003P000337) was 
used to create average bone and cartilage models of tibia, 
femur, and patella, and identify average insertion locations 
for medial/lateral collateral ligaments (MCL/LCL), cruci-
ate ligaments (ACL/PCL), and the patellar tendon [43]. The 
quadriceps angle was determined to be 14.0° based on the 
average literature values [1, 18] and the proximal quadri-
ceps insertion was chosen accordingly.

The kinematics of an ACL-substituting implant (ASCR) 
was compared to that of the same tibial articular surface 
without a post but with an intact ACL (BCR). This allowed 
for a direct comparison of the kinematic function of the 

Fig. 1   Graphical visualization of the KneeSIM set-up modelling an 
oxford-type physical test including a detailed image of the knee joint
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ACL-substituting post, and the modelled ACL, for a given 
femoral and tibial articular surface design (identical for all 
tested implants). The ACL-substituting design tested in this 
study included an anterior tibial post that substitutes for the 
native ACL by interacting with the anterior portion of the 
femoral intercondylar notch. This concept of replacing the 
native ACL function is analogous to the concept of replac-
ing PCL function in posterior stabilized (PS) implants 
using a post–cam interaction. The ACL-substituting post is 
also designed to accommodate the intact PCL (Fig. 2).

Kinematics of the ASCR implant were also compared to 
the ACL-sacrificing CR implant that consisted of the same 
articular surface but without an ACL or ACL-substituting 
post. Additionally, simulations were performed for the 
average native knee using the average articular cartilage 
geometry (femur tibia and patella) derived from MRI data 
(the “native knee”). The native knee model included ACL 
and PCL. Figure  3 shows a model and cross sections of 
all the implants and the native knee tested in this study. In 
the Appendix, there is a further comparison of the ASCR 
design to a commercially available BCR and CR implant.

Several activities were simulated to capture activities 
of daily living involving different ranges of knee motion 
(ROM): walking (60° flexion), stair-ascent (90° flexion), 
sitting on a chair (105° flexion), and deep knee bend (DKB, 
135° flexion). These simulations were carried out with 
ideal (normative) component placements. The components 
were mounted perpendicular to the mechanical axis on the 
average bone models to restore the joint line on the lateral 
side according to standard surgical technique. The tibial 
posterior slope was 7.0° for all implants.

Ligaments were modelled as nonlinear, tension-only 
springs, with average stiffness values obtained from the 
literature (Table  1), [21, 30, 41]. An initial preload was 
applied to the collateral ligaments to simulate a balanced 
knee joint during surgery. The ACL was modelled with 
initial tension at full extension, while the PCL was mod-
elled to be slack at the starting position (Table 1), [5, 16]. 
For a given knee flexion, the knee joint was free to move 
in all other degrees of freedom (internal/external and varus/
valgus rotation as well as all translations), and no forces 
were imposed on the level of the knee joint for any activ-
ity. Tibiofemoral contact forces and knee kinematics are 
interdependent, and are in turn driven by implant geometry, 
implant placement, soft-tissue properties, and quadriceps 
muscle forces. Within KneeSIM, different combinations 
of built-in loading conditions are available to simulate a 

Fig. 2   Schematic showing the novel implant design with an ACL-
substituting post and retention of the native PCL, the PCL is shown at 
different flexion angles

Fig. 3   Implants tested in KneeSIM (ASCR, BCR, CR, and native knee) together with a sagittal cross section of the femur on the tibia
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variety of activities, with the muscle loads being auto-
matically modulated to balance forces applied to the hip/
ankle joint centre. For deep knee bend, a constant load of 
180.0 N was applied to the hip joint centre, while for chair-
sit the same constant load at the hip joint was applied in 
conjunction with a varying anteroposterior (AP) load at the 
ankle joint. For stair-ascent, a variable vertical hip load was 
applied, with a peak force of 670.0 N. For walking simula-
tion, a variable vertical hip load with a peak of 1100.0 N, 
together with a variable ankle torque around the tibia and 
an adduction/abduction moment, was applied.

For all simulations, tibiofemoral kinematics were 
reported as the average of medial and lateral femoral 
condyle motions relative to the tibia. The posterior femo-
ral shift in extension, defined as shift of the midpoint 
between the medial and lateral condyle centres relative to 
KneeSIM’s built-in local tibial coordinate system, was of 
particular interest for the purpose of this study. Further-
more, the range of knee flexion angles where ACL and PCL 
were under tension, and range of knee flexion angles where 
there was contact between the femoral component and the 
ACL-substituting post were also reported.

Results

Walking Simulation

During walking, the results for the CR implant revealed 
notable posterior femoral shift in extension (Fig.  4) rela-
tive to the native knee (4.9 mm), and predominantly ante-
rior femoral motion with increasing knee flexion (6.2 mm). 
Neither the ACL-retaining nor ACL-substituting implants 
showed this posterior femoral shift in extension relative to 
the native knee during the gait cycle (Table 2). Both ACL-
retaining and ACL-substituting implants showed more 
similar motion trends compared to the native knee than 
the ACL-sacrificing implant. During walking simulations, 
the ASCR post was engaged with the intercondylar notch 
of the femoral component throughout the stance phase of 

gait (effective flexion range over which the “ACL substi-
tute” was functional), which was similar to the portion over 
which the ACL was under tension in the BCR simulation 
and the native knee (Table 3).  

Stair‑ascent simulation

For the stair-ascent simulation, the CR implant data again 
showed posterior femoral shift in extension relative to the 
native knee (5.6  mm) followed by paradoxical anterior 
sliding. In contrast to ASCR and both BCR implant and 
native knee that showed posterior femoral rollback, the 
CR implant had a more anterior location (1.6 mm) of the 
femur on the tibia at 90° flexion compared to full extension 
(Table 2).

Chair‑sit simulation

The ASCR implant again showed motion similar to the 
BCR with net posterior femoral rollback of 5.0  mm for 
ASCR and 6.6 mm for BCR, respectively. The CR data for 
chair-sit again showed substantial posterior femoral shift 
in extension relative to the native knee (6.2  mm, Fig.  4), 
followed by anterior femoral sliding of 4.5  mm until 60° 
before rollback occurred with higher knee flexion (Table 2).

Deep knee bend simulation

During deep knee bend, the whole range of knee flexion 
was covered, and the comparison of all implants and the 
native knee is shown in detail in Fig.  5. Like for all the 
other simulated activities in low flexion (<30°), the ASCR 
tibial post-femoral notch interaction provided a similar 
kinematic effect to that of the retained ACL in the BCR 

Table 1   Initial slack (+) or tension (−) and preload of ligaments and 
capsule used for the knee model set-up in KneeSIM

Soft tissue Material properties  
[N/mm]

Initial preload/
slack

ACL 184.0 −0.8 mm slack

PCL 239.3 3.5 mm slack

MCL 92.7 44.5 N preload

LCL 86.9 44.5 N preload

Capsule (tibiofemoral) 6.1 89.0 N preload

Capsule (patellofemoral) 1.8 44.5 N preload

Fig. 4   Extended femoral position of all implants and activities rela-
tive to the tibia showing significant posterior femoral shift for the CR 
TKA
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simulation unlike the CR simulation. At higher flexion 
angles when there was no contribution from either the tibial 
post in ASCR or the ACL in the BCR implant, the kinemat-
ics for all designs were virtually identical. The simulations 
for the native knee showed very similar trends in low flex-
ion until around 30° knee flexion. With further knee flex-
ion, the native knee showed more femoral rollback than any 
of the implants (Fig. 5, Table 2).

Table  3 shows the range of knee flexion angles where 
the tibial post was in contact with the femoral component 
in the ASCR implant, and where the ACL/PCL were under 
tension in the BCR/CR implants and the native knee.

Discussion

The most important finding of the present study was that 
within the simulation environment, the kinematic function 
of the ACL in low knee flexion was successfully repli-
cated by ACL substitution involving engagement of a tibial 
post with the femoral component. The anterior substitut-
ing cruciate-retaining (ASCR) design showed kinemat-
ics close to that of the BCR design, which had the same 
articular surface geometry as the ASCR design. Thus, like 
the BCR design, the ASCR implant was able to improve 
the kinematic abnormalities of the CR implants across the 

Table 2   Femoral posterior 
rollback (average of medial and 
lateral condyle) relative to full 
extension in KneeSIM [mm]

Knee flexion 15° 30° 60° 90° 105° 120° 135°

Walking

ASCR 3.7 1.1 0.7

BCR 3.0 1.5 1.0

CR −0.3 −2.9 −6.2

Native knee 3.0 3.7 2.2

Stair-ascent

ASCR 1.7 −2.0 −1.2 3.1

BCR 2.2 −0.7 0.2 4.4

CR −3.0 −6.7 −5.9 −1.6

Native knee 4.0 5.9 5.3 5.4

Chair-sit

ASCR 0.7 0.1 −2.0 0.8 5.0

BCR 0.6 1.5 −0.4 2.3 6.6

CR 0.4 −2.3 −4.5 −1.8 2.4

Native knee 0.0 5.0 8.0 8.0 10.4

DKB

ASCR 3.2 3.5 2.0 4.3 5.8 7.3 8.0

BCR 2.5 3.7 2.9 5.2 6.7 8.2 8.9

CR 0.3 −2.4 −4.2 −2.0 −0.4 1.0 1.7

Native knee 2.3 5.2 11.5 15.5 17.0 18.8 20.8

Table 3   Range of knee flexion [°] over which the ACL post is in contact with the femoral component or ACL/PCL are under tension

Activity Walking Stair-ascent

ACL post contact ACL tension PCL tension ACL post contact ACL tension PCL tension

ASCR 0.0–16.7 58.2–60.0 0.0–15.8 65.6–90.0

BCR 0.0–23.1 58.2–60.0 0.0–30.6 65.6–90.0

CR No tension 65.6–90.0

Native knee 0.0–31.7 No tension 0.0–45.6 73.6–90.0

Activity Chair-sit Deep Knee Bend

ASCR 0.0–17.6 60.0–105.0 0.0–17.4 65.6–135.0

BCR 0.0–27.3 60.0–105.0 0.0–28.9 65.6–135.0

CR 60.0–105.0 65.6–135.0

Native knee 0.0–60.0 72.7–105.0 0.0–73.7 93.9–135.0
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simulated activities in this study (Figs.  4, 5; Table  2). In 
all activities, the CR implant showed substantial posterior 
femoral shift in extension (Fig.  4) followed by paradoxi-
cal anterior sliding. These findings for the CR implant are 
consistent with various in vivo, in vitro (cadaver), and sim-
ulation studies [23, 34, 39, 42, 43]. Further, we have also 
compared kinematics of the ASCR design to a commercial 

BCR and CR device in the appendix. This confirmed the 
original hypothesis of this study.

The abnormal posterior femoral location in CR implants 
is largely due to the missing ACL, which is under tension 
in extension and holds the femur anteriorly on the tibia 
(Fig. 6). Following this posterior shift, the force imbalance 
within the joint causes paradoxical anterior sliding of the 
femur in early flexion. As explained by Blaha, the line of 
action of the body weight in early flexion lies behind the 
knee joint. This is balanced by quadriceps activation, and 
the absence of the ACL and slack state of the PCL in early 
flexion causes anterior femoral sliding [4]. To reduce such 
paradoxical anterior sliding, contemporary TKA implants 
often utilize increased anterior tibial lips, which also cause 
the femur to sit posteriorly on the tibia in extension. With 
increased flexion, a reduced tibiofemoral constraint allows 
additional laxity, and paradoxical anterior sliding occurs 
until the PCL is adequately tensioned in mid-flexion to 
guide femoral posterior rollback.

In contemporary CR TKA, the ACL is resected and its 
function is lost, which alters native knee kinematics follow-
ing TKA surgery [23, 35, 43]. ACL retention is one way to 
overcome these kinematic abnormalities but presents sev-
eral challenges as previously discussed. Therefore, the goal 
of this study was to determine whether the kinematic abnor-
malities of CR implants could be improved by substituting 
for the resected ACL. This is achieved by the interaction 
of a tibial post with the intercondylar notch of the femoral 
component at low flexion angles to provide anteroposterior 

Fig. 5   Average motion of the femur relative to tibia during DKB 
showing initial posterior rollback of the ASCR and BCR implants 
unlike for the CR implant, compared to the native knee showing con-
tinuous femoral rollback

Fig. 6   Schematic showing the poster femoral shift at full extension for contemporary CR implants relative to the posterior aspect of the tibia 
(vertical lines) in contrast to a centrally located femur for the ASCR and BCR designs
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stability similar to that provided by the ACL in the native 
knee (Fig. 6), [33]. Further, the ACL-substituting tibial post 
is intended to work in conjunction with the native PCL. At 
higher flexion angles, the ACL post is designed to disen-
gage from the femoral component and allow motion/stabil-
ity to be governed by the native PCL.

Liu et  al. [17] proposed ACL reconstruction follow-
ing TKA as a different way to improve kinematics in 
CR implants based on the results of their computational 
simulations. Other attempts to provide improved knee 
kinematics through implant design include a bi-cruciate 
substituting (BCS) device with an anterior and posterior 
cam–post interaction (Smith and Nephew, London, UK). 
Publications related to this design have shown kinematic 
improvements over contemporary PS implants where both 
ACL and PCL are resected. While the kinematics of this 
implant has been compared to other contemporary devices 
and native knees, the effectiveness of the ACL- and PCL-
substituting mechanism relative to the actual ligaments has 
not been directly evaluated [24, 38]. Another commercially 
available design uses a ball-and-socket-like joint on the 
medial side to provide AP stability while allowing greater 
AP motion on the less constrained lateral side also intends 
to improve joint stability and kinematics (Wright Medi-
cal Group, Arlington, TN, USA). Generally, these medi-
ally constrained designs are indicated for PCL-sacrificing 
applications, and use articular surface constraint instead 
of a post–cam mechanism to substitute for ligament func-
tion. Some publications have even debated whether PCL 
function either through retention (CR) or through sub-
stitution (PS) is necessary [31]. Nonetheless, CR and PS 
both are established and successful treatment options. Our 
research aimed to analyse the effect of direct substitu-
tion for the ACL with an ACL post while leaving the PCL 
intact providing an improved alternative to contemporary 
CR implants.

There are several limitations to the present study: The 
first limitation is that the kinematics evaluated in this study 
are based on the simulations of an average knee model 
in KneeSIM. The extent to which kinematics of an indi-
vidual knee can be replicated by an ACL-substituting post 
designed for the average population is unclear. Therefore, 
subject-specific simulation studies should be conducted 
in future to evaluate inter-subject variations in knee kin-
ematics for the different designs. The second limitation is 
that while the native knee simulations included geometry 
of the average articular cartilage, the simulation package 
did not allow for modelling of the menisci. However, the 
results for the native knee across different activities showed 
kinematic trends similar to published in vivo data of nor-
mal knees, particularly the activity depended range of AP 
translation showed very similar trends [12, 14, 22]. Another 
limitation of this study is although KneeSIM and other 

such computational tools have been used for design and 
evaluation of TKA implants, it is still uncertain whether 
such tools can fully predict kinematic behaviour of knees 
in  vivo. Therefore, continued analysis of this concept via 
cadaver testing, more advanced full-body musculoskeletal 
simulations, and eventually in  vivo kinematic evaluation 
is required. Another limitation of this study is also that the 
effect of articular geometry on implant kinematics was not 
evaluated. This was because we wanted to achieve a direct 
comparison of ACL substitution versus ACL retention and 
ACL sacrifice, without the confounding effect of articu-
lar surface variation. Prior studies have shown important 
effect of articular geometry on kinematics of BCR and 
CR implants [40, 43]. Therefore, future studies relating to 
the ASCR should evaluate the effect of changes in articu-
lar geometry coupled with the presence and absence of the 
ACL-substituting post.

The results of the present study suggest that the ASCR 
post can substitute for kinematic function of the ACL and 
provide a more natural location of the femur on the tibia. 
However, proprioception provided by the ACL would still 
be lost, which may have important implications for joint 
function [3, 11]. This may be a possible limitation of the 
ACL substitution concept.

While TKA procedures provide excellent pain relief, 
a significant portion of patients remain dissatisfied due to 
functional limitations, residual symptoms, and perception 
of joint instability [8, 25]. ACL has long been recognized 
as a missing puzzle in the quest for addressing these clini-
cal challenges. However, retention of native ACL in TKA 
poses many challenges, and may also necessitate the use of 
advanced tools to obtain reliable outcomes. The proposed 
concept of ACL substitution may be an alternative to ACL 
retention, particularly for patients with an absent or non-
functional ACL. If the kinematic improvements seen here 
are replicated in vivo, improved patient outcomes could be 
achieved with such ACL-substituting designs compared to 
contemporary CR implants. This would allow surgeons to 
provide better outcomes for their patients, without encoun-
tering challenges of ACL retention.

Conclusion

In conclusion, an ACL-substituting design that retains the 
native PCL showed important kinematic improvements 
over a CR TKA during dynamic simulations. Particularly, 
the abnormal posterior femoral shift and paradoxical ante-
rior sliding in low knee flexion seen with the CR implants 
were addressed with the ASCR design through replacement 
of the native ACL by an ACL-substituting post. The kine-
matic results of the ASCR design were similar to an ACL-
retaining implant and the native knee.
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Appendix

Methods

Further implants were tested by using dynamic computa-
tional simulations performed in KneeSIM software (LifeM-
odeler, San Clemente, CA) to evaluate kinematics of the 
ACL-substituting design (ASCR) against commercially 
available implants.

Therefore, kinematics of the ASCR implant were also 
compared to that of a widely used contemporary ACL-
sacrificing CR TKA (NexGen CR, Zimmer, Warsaw, IN), 
and an existing ACL-retaining implant (TKO BCR, Biopro, 
Port Huron, MI). The implant geometries and sagittal cross 
sections are shown in Fig. 7, and the same activities were 
simulated.

The simulations were also carried out with ideal (norma-
tive) component placements, mounted perpendicular to the 
mechanical axis on the average bone models with a tibial 
posterior slope of 7°. The same tibiofemoral kinematic 

parameters were analysed for a direct comparison to 
the ASCR implant and the native knee with a particular 
interest in posterior femoral shift in extension relative to 
KneeSIM’s built-in local tibial coordinate system.

Results

 The results for the NexGen CR implant revealed notable pos-
terior femoral shift in extension relative to the native knee for 
all simulated activities (7–10 mm), which was the most of all 
tested implants (Fig. 8). The TKO BCR implant did not show 
this posterior femoral shift in extension relative to the native 
knee, which is in line with the ASCR and BCR implants ana-
lysed in this study. Overall, the NexGen CR implant showed 
similar abnormalities to the tested CR implant in this study, 
including posterior femoral shift in extension followed by 

Fig. 7   Additional implants tested in KneeSIM (TKO BCR and Nex-
Gen CR) together with a sagittal cross section of the femur on the 
tibia

Fig. 8   Femoral position in extension of the ASCR design, the native 
knee, and the commercially available BCR and CR implant relative to 
the tibia for all activities showing significant posterior femoral shift 
for the NexGen CR TKA
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paradoxical anterior sliding. The femur only moved posterior 
on the tibia with deeper knee flexion, and no overall femoral 
rollback was observed in any activity. The TKO BCR showed 
results more closely resembling the native knee as well as the 
ACL-substituting and ACL-retaining implants of this study. 
Particularly, there was no excessive posterior femoral shift in 
extension; however, reduced femoral rollback was observed 
compared to the implants evaluated in this study and the 
native knee (Table 4). 
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