
Abstract The purpose of this study was to compare

knee kinematics in patients with bi-cruciate preserving

total knee arthroplasty and posterior cruciate ligament

(PCL) preserving total knee arthroplasty. Five knees

received PCL-retaining arthroplasty and nine knees

received both cruciate-retaining arthroplasty (ACL/

PCL knees). We studied treadmill gait, stair stepping,

and maximum flexion activities using lateral fluoros-

copy and shape matching. For maximum flexion, the

ACL/PCL knees showed 6 mm more posterior trans-

lation of the lateral condyle (p < 0.05). For the stair

activity, posterior translations of the lateral condyle

were significantly greater in the ACL/PCL knees from

30� to 70� flexion (p < 0.05). Both condyles in the

ACL/PCL knees showed greater posterior translation

in the stance and swing phases of gait than in the PCL

knees (p < 0.05). Preserving both cruciate ligaments

in total knee arthroplasty appears to maintain some

basic features of normal knee kinematics in these

activities.

Keywords Total knee arthroplasty Æ Anterior cruciate

ligament retaining Æ Posterior cruciate ligament
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Introduction

Anterior cruciate ligament (ACL)-retaining total knee

arthroplasty (TKA) is uncommon despite reports of

good clinical results [13, 23, 32]. The ACL is sacrificed

in the vast majority of TKA prostheses, where the

debate has focused on the role of the posterior cruciate

ligament (PCL) [8–10, 14, 20, 26, 28, 30, 31, 34]. Pro-

ponents of retaining the PCL have argued; it enhances

stability, allows femoral roll back, decreases shear

forces between implant and bone, and preserves pro-

prioception. Theoretically, ACL retention should pro-

vide more physiologic stability, kinematics, and

proprioception [4, 16].

The role of ACL in knee kinematics had been studied

by several authors. Kärrholm et al. [25] showed that

internal rotation and adduction of the tibia were re-

duced in ACL-injured knees when compared with intact

knees in their roentgen stereophotogrammetric exami-

nation. Berchuck et al. [11] showed the so-called

quadriceps-avoidance gait in patients with unilateral

ACL deficiency. Both studies suggested that it is diffi-

cult to maintain normal kinematics in the ACL-deficient

knee. The same arguments should apply to the knee

after TKA. Andriacchi et al. [4] showed that patients

treated with the least-constrained bi-cruciate-retaining
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design of prosthesis were the only group that had a

normal range of motion during gait. ACL integrity also

affects the survival rate of unicondylar knee arthro-

plasty [16].

Recently, the kinematics of many knee replacement

designs have been characterized using fluoroscopy [5–

10, 14, 15, 17, 24, 27, 31, 36], but few ACL-retaining

designs have been analyzed. Stiehl et al. [36] compared

ACL-retaining TKA and PCL-retaining TKA of dif-

ferent designs for knee bending motions at 0�, 30�, 60�,

and 90� flexion. ACL-retaining TKAs showed gradual

posterior femoral rollback and limited anterior–pos-

terior translation, but remained posterior to the sagittal

plane midline in all positions. Komistek et al. [27]

compared ACL-retaining TKA and posterior-substi-

tuting TKA in gait motion. Using images at 0, 33, 66,

and 100% of stance phases, they concluded that kine-

matics of the ACL-retaining knees were more similar

to the normal knee during gait. These two studies

provide important and useful information, but it is not

possible to develop a detailed description of knee

motions from only four snapshots during one activity.

Unicondylar knee arthroplasty can also preserve both

cruciate ligaments. Banks et al. [5] studied the kine-

matics of bi-cruciate-retaining unicondylar and bi-

unicondylar knee arthroplasties and found that knee

motions during gait, stair-stepping, and deep flexion

activities were closer to normal in the knees with bi-

cruciate-retaining unicondylar arthroplasty.

The goal of this study was to compare knee kine-

matics in groups of patients at mid-term follow-up

having the same operative procedure by the same

surgeon and PCL or ACL/PCL variants of the same

prosthesis design. We hypothesized that patients with

an intact ACL would show more physiologic antero-

posterior (AP) translation of the knee with flexion/

extension.

Materials and methods

Twelve patients with 14 knee arthroplasties were

studied. All patients provided written consent for this

IRB approved study. Patients were recruited at clinical

follow-up based solely on their having the specific

prostheses of interest and their willingness to partici-

pate in the study. All patients had surgery by a single

surgeon (J.P.C.). Five knees received PCL-retaining

arthroplasty (Natural-Knee�, Zimmer GmbH, Win-

terthur, Switzerland) and nine knees received ACL/

PCL-retaining arthroplasty using the same femoral

component and a tibial baseplate shaped to permit

ACL retention (N2C, Zimmer GmbH, Winterthur,

Switzerland) (Table 1). The tibial articular surfaces

were similar. The ACL/PCL-retaining plateau was flat,

whereas the PCL-retaining plateau had a central flat

region bounded by slight dishing at both anterior and

posterior margins. The main difference between

groups was retention or sacrifice of the ACL at the

time of surgery. The components were placed to

reproduce normal anatomical joint surfaces, including

slope and joint line.

Patients’ knee motions were recorded using lateral

fluoroscopy during treadmill gait at 1 m/s, single limb

stepping up and down on a 25 cm stair, maximum

flexion in a lunge with the foot placed on the 25 cm

step, maximum flexion kneeling on a padded stool, and

weight-bearing straight-leg stance. The images were

recorded on digital videotape at 30 frames/s for gait

and 10 frames/s for all other activities. Gait data were

available for seven of the nine ACL/PCL knees

(Fig. 1). The digitized images were corrected for opti-

cal distortion using bilinear interpolation [7]. The

Canny edge detector was used to identify the implant

boundaries [12].

The three-dimensional position and orientation of

the proximal and distal knee segments were deter-

mined using a toolbox of model-based shape-matching

techniques, including previously reported techniques

[7], manual matching, and automated matching using

nonlinear least-squares (modified Levenberg–Marqu-

ardt) techniques. Three thousand nine hundred and

twenty fluoroscopic images, an average of 280 images

per knee, were analyzed. The optical geometry of the

fluoroscopy system (principal distance, principal point)

was determined from images of a calibration target [7].

The implant surface model was projected onto the

geometry-corrected image, and its three-dimensional

pose was iteratively adjusted to match its silhouette

with the silhouette of the subject’s knee components.

The results of this shape-matching process have stan-

dard errors of approximately 0.5� to 1.0� for rota-

tions and 0.5–1.0 mm for translations in the sagittal

plane [7].

Table 1 Characteristics of knee replacement patients

Characteristic PCL knees ACL/PCL knees

Number of knees 5 9
Time in situ (months) 72 (54–96) 71 (4–84)
Range of motion (deg) 128 (120–140) 129 (120–135)
Mean KSS 88 (86–89) 87 (85–89)

PCL posterior cruciate ligament retaining arthroplasty, ACL/
PCL Anterior and posterior cruciate ligament retaining arthro-
plasty, KSS Knee society score [21]
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Joint kinematics were determined from the three-

dimensional pose of each TKA component using Car-

dan/Euler angles [38]. The anterior/posterior locations

of each condyle were determined by transforming the

joint pose into a reference system parallel to the

transverse plane of the flat tibial component and find-

ing the lowest point on each condyle.

For the stair, kneeling, and lunge activities, kine-

matics were expressed relative to the joint pose in

straight-leg weight-bearing stance. For gait, the kine-

matics was expressed relative to the joint pose at heel-

strike. Kneeling and lunge data were compared using t

tests. In addition, linear regression analysis was per-

formed to characterize the trends in tibial rotation and

condylar translation as a function of knee flexion,

combining the PCL and ACL/PCL knees. For the stair

and gait data, an average curve for each knee was

created from four trials of data. These average curves

were then combined to create group averages. Statis-

tical comparisons for the stair and gait data were per-

formed using a two-factor, repeated-measures analysis

of variance (ANOVA) with post hoc pair-wise com-

parisons (Tukey’s honestly significant difference or T-

HSD). The level of significance was set at p £ 0.05.

Results

For the kneeling and lunge activities, there were no

differences between the PCL and ACL/PCL knees for

maximum flexion, tibial rotation, or medial translation

(Table 2). In the lunge activity, the lateral condyle in

ACL/PCL knees was in a more posterior location than

in the PCL knees (p < 0.05). For all knees combined,

the maximum flexion angle has only weak correlation

with tibial rotation during kneeling (r = 0.42). The

condylar contact positions did not have statistically

significant correlations with maximum flexion angle

(Table 3).

There was a significant difference in tibial rotation

between the ACL/PCL and PCL knees. For stair and

gait activities, the ACL/PCL knees showed an average

of 4.9� more tibial internal rotation (p � 0.01, RM-

ANOVA) than the PCL knees. This rotational off-

set also manifests itself as a more anterior AP position

of the medial condyle in the ACL/PCL knees during

gait (p = 0.04). From extension to flexion during the

stair activity, knees in both groups showed linear tibial

internal rotation from 0� to 70� of flexion, 6.5� in the

ACL/PCL knees, and 4.3� in the PCL knees (p > 0.05).

The range of tibial rotation during the stance phase of

gait was 5.9� for the ACL/PCL knees and 4.3� for the

PCL knees (p > 0.05).

For the stair activity, there were greater posterior

translations of the medial and lateral condyles in the

ACL/PCL group (Fig. 2). From 20� to 70� flexion,

these posterior condylar translations were significantly

greater in the ACL/PCL knees (ANOVA, p � 0.01).

Both groups showed maximum medial condyle

posterior translation at 50� flexion, 1 mm in the PCL

Fig. 1 Patients performed
(left to right) lunge, kneeling,
stair (not shown), and gait
activities during fluoroscopic
recording. Shape-matching
techniques were used to
determine the three-
dimensional knee kinematics
(far right)

Table 2 Knee kinematics in deep flexion kneeling and lunge postures (mean ± 1 standard deviation)

Parameter Lunge Activity Kneeling Activity

PCL ACL/PCL P-value PCL ACL/PCL P-value

Implant Flexion (deg) 107 ± 9 104 ± 17 0.67 109 ± 13 104 ± 16 0.98
Tibial Rotation (deg) –3 ± 6 –10 ± 6 0.08 –3 ± 7 –6 ± 6 0.38
Medial Contact AP (cm) –0.2 ± 0.4 –0.2 ± 0.3 0.88 –0.1 ± 0.3 –0.2 ± 0.3 0.53
Lateral Contact AP (cm) –0.4 ± 0.3 –1.0 ± 0.4 0.02 –0.3 ± 0.6 –0.7 ± 0.3 0.09

PCL Posterior cruciate ligament retaining arthroplasty, ACL/PCL Anterior and posterior cruciate ligament retaining arthroplasty, AP
Anterio-posterior
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knees and 3.5 mm in the ACL/PCL knees. Posterior

lateral condylar translations averaged 1 mm from 0� to

70� in the PCL knees and 6 mm in the ACL/PCL

knees.

The ACL/PCL knees showed greater knee flexion

than the PCL knees all through the gait cycle, with

statistically significant pair-wise differences from the

last part of swing phase to the middle of the stance

phase (p < 0.05) (Fig. 3a). The ACL/PCL knees

showed greater tibial internal rotation throughout the

gait cycle (p � 0.01), but there were no statisti-

cally significant pair-wise differences (Fig. 3b). The

ACL/PCL knees showed greater posterior condylar

translation than the PCL knees in the middle of stance

and swing phases of gait (p < 0.05) (Fig. 3c, d).

Table 3 Correlation between maximum knee flexion angle and
tibiofemoral motions

Activity Knee Flexion
vs. Tibial
Rotation

Knee Flexion
vs. Lateral Condyle
APa Translation

Knee Flexion vs.
Medial Condyle
APa Translation

Kneeling –0.42 –0.39 –0.04
Lunge –0.39 –0.38 0.08

aAnterio-posterior
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Fig. 2 Knee kinematics during stair differed between the ACL/
PCL and PCL knees (mean ± 1 standard deviation). AP
translations of the medial (top) and lateral (bottom) condyles
are shown. Posterior translations of the medial and lateral
condyles were significantly greater in the ACL/PCL knees
(ANOVA, p � 0.01), with significant pair-wise differences from
20� to 70� flexion (T-HSD, p < 0.05)
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Fig. 3 Knee kinematics during gait differed between the ACL/
PCL and PCL knees (mean ± 1 standard deviation). a The ACL/
PCL knees showed significantly greater flexion from the last part
of swing to the middle stance. b ACL/PCL knees showed greater
tibial internal rotation. c, d Both condyles in ACL/PCL group
have greater posterior translation in the middle of both stance
and swing phase than in PCL group. Data zeroed at heel-strike
(c, d). The two gray regions on each graph indicate gaps in the
fluoroscopic data, when the contralateral knee occludes the view,
which are filled by interpolation
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Discussion

Many factors, including operative procedures, pros-

thesis design, and different weight-bearing activities,

affect knee kinematics after TKA [4, 8, 9, 31]. We

measured knee motions during four activities in two

groups of knees with unicruciate or bi-cruciate sparing

variants of the same TKA design. Kneeling and lunge

activities were analyzed at maximum knee flexion,

whereas gait and stair activities were analyzed over the

entire motion cycle. The ACL-retaining knees showed

greater tibial internal rotation and posterior transla-

tions during the maximum flexion activities.

The dominant motions of the knee during deep

flexion consist of posterior translation and external

rotation of the femur with respect to the tibia. Static

MRI studies of normal knees have shown that the

lateral condyle translated more than the medial con-

dyle in deep knee flexion [19, 22]. The ACL/PCL knees

showed greater posterior translation of the lateral

condyle than PCL knees during the kneeling and lunge

activities. But greater condylar translations in the

ACL/PCL knees did not result in greater maximum

flexion in either activity. MRI studies of healthy knees

in deeply flexed postures show tibial rotations up to

28�, whereas we observed rotations averaging 5–10� in

maximum flexion. These findings are consistent with

previous studies of deep flexion with TKA that have

shown tibial rotation is less than normal, that maxi-

mum flexion is not correlated to the amount of tibial

rotation, and that tibial rotation appears to be pri-

marily determined by limb position in sitting and

squatting postures [24]. It seems likely that force

equilibrium in deep flexion is reached with different

condylar translations and tibial rotations in meniscal

intact and deficient knees.

The ACL/PCL and PCL knees showed approxi-

mately 20� less maximum flexion during lunge and

kneeling activities than passive flexion measured in the

clinic. Two factors likely explain this difference. First,

fluoroscopically measured flexion angles represent the

angle between the implant components and do not

account for the component alignment with respect to

the bones. Banks et al. [6] showed that anterior bow of

the femur and posterior slope of the tibial plateau

place the prostheses in approximately 9� of hyperex-

tension relative to the sagittal mechanical axis of the

bones. The ACL/PCL and PCL knees had an average

implant hyperextension of 10� relative to the sagittal

mechanical axis. Second, muscle contraction and joint

pose can also affect maximum flexion in weight-bear-

ing activities. Several previous TKA studies have

shown greater maximum knee flexion in non-weight-

bearing positions compared with weight-bearing posi-

tions [18, 29]. These factors may have accounted for

about 10� difference between the weight-bearing and

clinical flexion measures in the ACL/PCL and PCL

knees.

Two dynamic activities were analyzed in this study:

treadmill gait and a stair activity. For both stair and

gait activities, the PCL knees showed a 5� bias of tibial

external rotation compared with the ACL/PCL knees.

This rotational bias could have resulted from at least

three factors: baseplate alignment, tibial insert geom-

etry, or ACL integrity. First, the measured tibial

rotation is determined from the orientation of the im-

planted components, so differences in baseplate

alignment would result in a rotational bias. However, a

single surgeon implanted all components using identi-

cal alignment techniques and anatomic references.

Second, the ACL/PCL and PCL-only tibial inserts have

only slightly different geometries. Both surfaces are flat

in the mid-range of translation, and tibiofemoral con-

tact was confined mostly to this articular region.

Therefore, it is unlikely that the articular surfaces im-

posed a tibial rotation offset. Third, the rotational bias

could have resulted from the presence or absence of

the ACL. Andriacchi and Dyrby [3] reported a com-

parison of knee kinematics in healthy and ACL-defi-

cient knees, and found an average 2.9� less tibial

external rotation in the ACL-deficient knees. This

rotational difference is opposite to the difference ob-

served in this study, where the ACL-deficient knees

(PCL knees) exhibited greater tibial external rotation.

However, the rotational bias observed in the knee

replacement patients is consistent with kinematics and

wear patterns on retrieved implants [17] and suggests

that the medial meniscus (lacking in TKA) may play an

important role in the axial alignment of the ACL-

deficient knee. Finally, the ACL-retaining TKA pro-

cedure is potentially more difficult than that retaining

only the PCL, such that other surgical factors may

introduce a bias in axial knee alignment.

Dynamic condylar translations in the PCL knees

were smaller than previously has been reported for

normal knees in dynamic and static studies, including

stair and gait activities [15, 19, 22, 35]. The finding is

consistent with some prior in vivo studies of PCL-

retaining TKA [14]. Condylar translations were greater

in the ACL/PCL knees during the stair activity, with

most translation taking place in the first 30–40� flexion.

Not surprisingly, similar kinematics have been ob-

served during stair-stepping in ACL/PCL-retaining bi-

unicondylar knee replacements [5]. Similar kinematics

have also been observed for knee bending motions

with ACL-retaining TKA [36]. Stair kinematics in the
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ACL/PCL knees showed similar patterns to normal

knees during a knee bending motion [15]. Medial

translations were similar, but lateral condylar transla-

tions were much greater in the normal knees, pre-

sumably due to the convex geometry and mobile

meniscus of the intact knee. ACL/PCL knee kinemat-

ics during gait were also similar to previous studies of

normal knees and ACL-retaining replaced knees. Both

condyles moved posterior twice within the gait cycle.

This biphasic tibiofemoral translation has been re-

ported in the normal knee [35], and in unicondylar and

bi-unicondylar replaced knees [5]. We observed

greater medial than lateral condylar translations during

gait, similar to the motions observed in ACL/PCL-

retaining bi-unicondylar knees [5]. Only one study has

reported in vivo gait kinematics of knees with ACL-

retaining TKA [27], but there is poor correspondence

with motions from the present study. It is possible that

the poor correspondence results from experimental

differences: the current study utilized treadmill gait

images at 30 frames/s for a minimum of four gait cycles

(120 images per knee), whereas the prior study pro-

cessed four equispaced images from the first stance

phase upon gait initiation.

The apparent paradox of this study is that smaller

dynamic tibiofemoral translations were observed in

the presumably less stable PCL-retaining knees than

in the cruciate intact ACL/PCL knees. One could

reasonably expect the ACL-deficient and uncon-

strained PCL knees to show abnormal magnitudes

and directions of translation, as have been observed

in many total knee replacements [8–10, 14, 30, 31]. In

vitro and computational studies suggest greater tibi-

ofemoral translation occurs after loss of the ACL [35,

37], but several in vivo studies show tibiofemoral

translations are not necessarily increased [3, 25, 30].

In vivo studies with ACL-deficient knees suggest that

there can be significant differences in knee function

determined by adaptation in muscle firing patterns,

especially ACL agonist cocontraction of the ham-

strings [1, 2]. Thus, it is possible that the patients in

the PCL group had adapted their muscle activation

and gait patterns to provide extrinsic AP knee sta-

bility. Although we cannot support this suggestion

with electromyographic data, their relatively stiff-leg-

ged gait during stance phase gives one indication that

the PCL knee patients had adapted their muscle firing

and gait pattern to accommodate higher intrinsic knee

laxity [4, 25].

Patients with bilateral TKAs of two types have

preferred either their bi-cruciate-retaining knee or

intrinsically stable medial pivot prosthesis [33]. This

study showed that the ACL/PCL-retaining knees

exhibited more physiologic patterns of motion, despite

having clinical scores comparable to the PCL knees. It

is possible that knees retaining the cruciate ligaments

feel more normal and require fewer dynamic adapta-

tions for daily function [1, 2]. The data support the

conclusion that the ACL is not necessary to have a well

functioning, clinically successful, and durable knee

arthroplasty, but that ACL retention can lead to a knee

arthroplasty with more normal kinematics in maxi-

mally flexed postures.
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