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with excessive LCL laxity alone in a neutrally aligned TKA 
and therefore that varus alignment should be avoided to 
decrease lift-off after TKA.
Level of evidence Case series, Level IV.

Keywords Total knee arthroplasty · Condylar lift-off ·  
Lateral collateral ligament laxity · Femoral varus 
alignment · Computer simulation

Introduction

Appropriate soft tissue balance and alignment are impor-
tant factors for good knee function, component durability, 
and patient satisfaction after total knee arthroplasty (TKA) 
[11, 22, 34]. Fluoroscopic analysis has shown that the con-
dylar lift-off phenomenon, defined as excessive joint space 
opening, can occur after TKA [4, 7, 8, 14, 30, 31]. Condy-
lar lift-off can induce various complications such as exces-
sive polyethylene wear [10, 20]. Proper ligament balancing  
is crucial for preventing postoperative condylar lift-off [7, 
14, 27].

Achieving both proper balance and alignment of liga-
ments is sometimes difficult in knees with severe deform-
ity. One study reported that medial–lateral soft tissue 
imbalance was larger in patients with greater preoperative 
varus deformity [32]. Aiming for neutral alignment in a 
severe varus knee may make it difficult to achieve equal 
medial and lateral gaps because of looseness on the lateral 
side. Ligamentous release is an effective surgical tech-
nique to solve this problem, but it is especially difficult for 
measured resection techniques to adjust the ligamentous 
tension throughout knee flexion in cases with significant 
ligamentous imbalance [28, 32]. The surgeon’s experi-
ence may thus be important in this procedure due to the 

Abstract 
Purpose Condylar lift-off can induce excessive polyeth-
ylene wear after total knee arthroplasty (TKA). A computer 
simulation was used to evaluate the influence of femoral 
varus alignment and lateral collateral ligament (LCL) lax-
ity on lift-off after single-design TKA. It was hypothesised 
that proper ligament balancing and coronal alignment 
would prevent lift-off.
Methods The computer model in this study is a dynamic 
musculoskeletal program that simulates gait up to 60° of 
knee flexion. The lift-off phenomenon was defined as posi-
tive with an intercomponent distance of >2 mm. In neu-
trally aligned components in the coronal plane, the femoral 
and tibial components were set perpendicular to the fem-
oral and tibial mechanical axis, respectively. The femoral 
coronal alignment was changed from neutral to 5° varus in 
1° increments. Simultaneously, the LCL length was elon-
gated from 0 to 5 mm in 1-mm increments to provide a 
model of pathological slack.
Results Within 2° of femoral varus alignment, lift-off did 
not occur even if the LCL was elongated by up to 5 mm. 
However, lift-off occurred easily in the stance phase in 
femoral varus alignments of >3° with slight LCL slack. 
The contact forces of the tibiofemoral joint were influenced 
more by femoral varus alignment than by LCL laxity.
Conclusions Aiming for neutral alignment in severely 
varus knees makes it difficult to achieve appropriate liga-
ment balance. Our study suggests that no lift-off occurs 
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difficulty in obtaining measurements in dynamic clinical 
situations.

Many authors have investigated the potential causes of 
condylar lift-off. Nilsson et al. [31] were the first to show 
that asymmetrical subsidence and tilting of the tibial com-
ponent could cause condylar lift-off due to an imbalanced 
bearing load. Stiehl et al. [41] later reported that lateral 
condylar lift-off in midflexion reflected an abnormality in 
lateral joint laxity. Insall et al. [14] subsequently suggested 
the importance of coronal ligamentous stability in terms of 
lessening condylar lift-off during knee flexion after poste-
rior cruciate ligament-substituted (PS) TKA. On the other 
hand, Hamai et al. [12] demonstrated that sufficient coronal 
stability and alignment did not cause more significant con-
dylar lift-off during knee extension in a single-leg stance 
after posterior cruciate-retaining TKA. Thus, condylar lift-
off remains unavoidable when only the implant design is 
modified, and it is not known precisely how much opera-
tive uncertainty is permitted, although it is accepted that the 
surgeon must allow some degree of ligamentous imbalance 
and coronal malalignment.

A musculoskeletal computer model was recently intro-
duced as a potentially effective tool for simulating patho-
logical conditions after TKA, such as the effects of mal-
position of the femoral and tibial components [23, 24] 
or implant-bone impingement in deep flexion [25, 26]. 
Cadaver and clinical studies subsequently validated the 
accuracy of such computer simulations [25, 26].

This study used a musculoskeletal computer simula-
tion of level walking to evaluate the influence of collateral 
ligament balance and femoral coronal alignment on the 
occurrence of condylar lift-off under various pathological 
conditions after PS TKA. While malrotation of the femoral 
component might cause more lift-off in flexion, this study 
focused on lift-off in extension. It was hypothesised that 
proper ligamentous balancing and coronal alignment would 
prevent condylar lift-off during gait. In addition, the allow-
able ranges of ligamentous imbalance and malalignment on 
condylar lift-off were also evaluated.

Materials and methods

The musculoskeletal computer simulation model used in 
this study (LifeMOD/KneeSIM 2010; LifeModeler Inc., 
San Clemente, CA) is a dynamic, musculoskeletal model-
ling program of the knee. The computer simulation was 
used to simulate the period-two gait cycle. This model 
included tibiofemoral and patellofemoral contact, lat-
eral collateral ligament (LCL), medial collateral ligament 
(MCL), elements of the knee capsule, quadriceps muscle 
and tendon, patellar tendon, and hamstring muscles. The 
hamstrings in this model acted as single muscle, including 

all flexor functions, and were attached to the posterior 
centre of the proximal tibia. The LCL comprised a single 
bundle, and the MCL comprised anterior and posterior bun-
dles [18, 42, 44]. All ligament bundles were modelled as 
nonlinear springs with material properties obtained from a 
published report [5]. The hip joint was modelled as a revo-
lute joint parallel to the flexion axis of the knee and was 
allowed to slide vertically. The ankle joint was modelled as 
a combination of several joints that allowed free translation 
in the medial–lateral direction and free rotation in the flex-
ion, axial, and varus–valgus directions.

The insertion point origins, stiffness, and length patterns 
for each ligament were based on the relevant anatomical 
literature [18, 21, 33, 45]. The proximal attachment points 
of the LCL and MCL were defined as the most prominent 
points of their respective femoral epicondyles. The distal 
attachment points of the LCL and MCL were adjusted to 
the tip of the fibular head and the midpoint between the 
tibial attachments of the anterior and posterior bundles, 
respectively. The stiffness coefficients of the LCL, anterior 
MCL, and posterior MCL were determined as 59, 63, and 
63 N/mm, respectively, based on reported values [35, 42]. 
The attachments of and slack in each ligament were finely 
adjusted [3].

The KneeSIM program uses the Parasolid geometry of 
the femoral and tibial components, as well as tibial and 
patellar inserts for analysis. Parasolid models of a fixed-
bearing flat design PS TKA (NexGen LPS-Flex; Zimmer, 
Warsaw, USA), including a patellar component, were 
imported into the program.

In aligning the components in the coronal plane, the 
femoral component was set perpendicular to the mechani-
cal axis that connected the centre of the knee and the centre 
of the femoral head, and the tibial component was set per-
pendicular to the mechanical axis that connected the centre 
of the knee and the centre of the ankle joint. For the sagittal 
alignment, the femoral component was aligned to the distal 
anatomical axis of the femur, and the tibial component was 
aligned to the proximal anatomical axis of the tibia with a 
7° posterior slope. The neutral rotational alignments of the 
femoral and tibial components were positioned in line with 
the femoral epicondylar axis and the tibial anteroposterior 
axis, respectively.

Previous studies have reported that the peak tibiofemo-
ral contact force in TKA patients is about three times the 
body weight [9, 38]. In the testing conditions, a constant 
vertical force corresponding to a body weight of 80 kg 
was converted into about 2500 N (i.e. about three times 
the installed weight) loading on the bicondylar joint of the 
knee. This was applied at the hip. A closed-loop control-
ler monitored knee flexion and compared it with the pre-
scribed input. The quadriceps and hamstring loads were 
adjusted to obtain the prescribed flexion angle at each 
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time point. Previous studies reported that the maximum 
quadriceps force in flexion reached 3.5 times the body 
weight [38, 39] and that the quadriceps force in flexion 
was similar to the patellofemoral contact forces. The peak 
quadriceps force in this study was 1753 N (i.e. double the 
installed weight) in a neutral alignment and was similar to 
the patellofemoral contact force (1311 N). The peak force 
of the hamstrings in this study was set at 178 N. It was 
confirmed that the collateral ligament tension during the 
ACL-deficient gait in this simulation was similar to that in 
a previous study [36].

The z axis (+: proximal, −: distal) of the simulation 
model was defined as the extension of the tibial axis. The 
plane normal to the z axis at the centre of the knee was 
defined as the xy plane. The x axis (+: lateral, −: medial) 
was defined as the extension of the femoral epicondylar 
axis, which was projected onto the xy plane along the z 
axis. The y axis (+: anterior, −: posterior) was defined as 
the extension of the tibial anteroposterior axis, which was 
perpendicular to the x axis and was projected onto the xy 
plane. The tibiofemoral contact force was a compressive 
joint reaction force perpendicular to the tibial insert against 
the femoral component. The anterior and posterior bundles 
of the MCL were modelled as two strands, each with iden-
tical characteristics, which split the total force at the start-
up position. The modelled systems were subjected to the 
period-two gait cycle up to 60° knee flexion [17] (Fig. 1). 
Measured values in the second gait cycle were selected 

because the first gait cycle was slightly unstable for fitting 
the bounding conditions of each intercomponent joint. The 
tibiofemoral kinematics of the current study were very sim-
ilar to those of a previous study that sought to validate a 
tibiofemoral kinematics simulation using fluoroscopic data 
[1].

It was determined that condylar lift-off was positive 
when the measured intercomponent distance between the 
femoral and tibial components was >2 mm during the gait 
cycle. To investigate the relationships between condylar 
lift-off, coronal alignment, and excessive lateral joint lax-
ity, the femoral coronal alignment and the LCL length were 
changed from this standard setting. The LCL length was 
elongated from 0 mm (free length) to 5 mm in 1-mm incre-
ments as pathological slack without changing the femoral 
and tibial attachments. Simultaneously, the femoral coronal 
alignment was also changed between 0° and 5° varus in 1° 
increments. The femoral varus alignment was changed at 
the centre of the femoral component in the coronal plane. 
Condylar lift-off was measured as the distance between the 
femoral component and the tibial insert projected onto the 
xz plane. The measurement results in this study are pre-
sented with one decimal place because our simulation sys-
tem could calculate each value with at least this degree of 
accuracy. Tibiofemoral contact forces were measured under 
the same testing conditions, in which the vanishing point 
of the tibiofemoral contact force was the start of condylar 
lift-off.

Fig. 1  Graphs showing the pat-
terns of change in the transla-
tion length (mm) for the lateral 
collateral ligament (LCL) and 
medial collateral ligament 
(MCL) during gait up to 60° 
knee flexion
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Results

The incidence and peak amount of lift-off (mm) with 
changes in slack of the LCL and femoral varus alignment 
are shown Table 1. Within 2° of femoral varus alignment, 
condylar lift-off did not occur even if the LCL distance 
was elongated by up to 5 mm. By contrast, with 3° of 
femoral varus alignment, condylar lift-off occurred with 
1 mm of slack in the LCL in the late stance phase of the 
gait cycle, and the distance was 2.8 mm (Fig. 2). With 
up to 4° of femoral varus alignment, condylar lift-off 
occurred easily and without slack in the LCL (Fig. 3). The 
combination of 5° of femoral varus alignment and 5 mm 
of slack in the LCL caused the maximum condylar lift-off 
from the early stance phase to the late stance phase.

Peak contact forces (N) of the lateral and medial tibi-
ofemoral joints were not affected by changes in LCL slack. 
By contrast, peak tibiofemoral contact forces of the lateral 
condyle decreased gradually (Table 2) and peak tibiofemo-
ral contact forces of the medial condyle increased progres-
sively with increases in femoral varus alignment (Table 3).

Discussion

The most important finding of this study was that condy-
lar lift-off could be avoided with the use of precise surgical 
technique. In the computer simulation study, condylar lift-
off was closely related to ligamentous balancing and coro-
nal alignment. Previous studies have suggested that proper 

Table 1  Incidence of condylar 
lift-off and peak amount of 
lift-off (mm) with the change 
in slack of the lateral collateral 
ligament and femoral varus 
alignment

LCL lateral collateral ligament

Slack in the LCL (mm) Femoral varus alignment (°)

0 1 2 3 4 5

0 – – – 1.3 2.8 4.4

1 – – 1.1 2.8 4.3 6.6

2 – – 1.7 3.7 5.9 9.9

3 – – 1.8 4.7 7.2 10.5

4 – – 1.8 5.5 8.6 12.3

5 – – 1.8 6.8 10.1 15.3

Fig. 2  Schemas showing the 
tibiofemoral contact forces 
under three different conditions: 
a standard condition, b 3° varus 
and 1-mm slack condition, 
and c 5° varus and 5-mm slack 
condition during gait. The black 
arrows represent the phase at 
which the tibiofemoral contact 
force of the lateral condyle 
disappears (i.e. lateral femoral 
condylar lift-off)
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rotation of the femoral component seems to lessen the inci-
dence of condylar lift-off because of better coronal stabil-
ity [7, 14], but few studies have examined the influence of 
coronal malalignment on condylar lift-off. A cadaver study 
reported that a varus deformity of only 3° substantially 

unloaded the lateral compartment [6]. Bertin et al. [4] also 
reported that condylar lift-off occurred predominantly at 
the lateral condyle. Therefore, the amount of lateral con-
dylar lift-off was measured with various amounts of lateral 
joint laxity and increased varus alignment. The effects of 

Fig. 3  Schemas showing the 
condylar lift-off phenomenon 
(8.6 mm) with 4° femoral varus 
malalignment and 4-mm LCL 
slack

Table 2  Peak contact forces 
(N) of the lateral tibiofemoral 
joint with the change in slack 
of the lateral collateral ligament 
and femoral varus alignment

LCL lateral collateral ligament

Slack in the LCL (mm) Femoral varus alignment (°)

0 1 2 3 4 5

0 1009 924 895 884 752 659

1 965 1017 895 884 624 619

2 1127 1017 956 884 641 531

3 954 1017 895 719 636 570

4 954 1017 895 699 682 553

5 1016 1017 956 787 633 564

Table 3  Peak contact forces 
(N) of the medial tibiofemoral 
joint with the change in slack 
of the lateral collateral ligament 
and femoral varus alignment

LCL lateral collateral ligament

Slack in the LCL (mm) Femoral varus alignment (°)

0 1 2 3 4 5

0 1889 2131 2355 2592 2790 2862

1 1948 2117 2362 2615 2791 2832

2 1897 2117 2353 2604 2789 2843

3 1949 2117 2364 2607 2788 2833

4 1949 2117 2364 2604 2788 2833

5 1929 2117 2535 2603 2804 2832
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ligamentous balancing and coronal alignment on condylar 
lift-off have been evaluated separately in previous reports 
[6, 7, 14, 15]. However, it was expected that the combina-
tion of these factors would be important in influencing con-
dylar lift-off. Musculoskeletal computer models are very 
useful for evaluating various factors because it is difficult 
to evaluate such combinations in a clinical study. Ours is 
the first study to evaluate the combined effect of ligamen-
tous balancing and coronal alignment on condylar lift-off 
using a specific implant design.

The extent of condylar lift-off is an important issue. 
Sharma et al. [37] reported that the amount of condylar 
lift-off was larger in the midflexion range in a limited knee 
flexion group than in a high knee flexion group. Nakahara 
et al. [29] reported that about 1.5 mm of condylar lift-off 
did not affect clinical results measured by the new Knee 
Society Score questionnaire. Consequently, it was deter-
mined that condylar lift-off >2 mm was pathological, and 
the tibiofemoral contact forces were also measured as an 
estimate of patient discomfort.

It was found in our study that no condylar lift-off 
occurred in neutral coronal alignment regardless of exces-
sive collateral ligament laxity. A recent study [43] reported 
that mild varus alignment was associated with better clini-
cal and functional outcomes compared with neutral align-
ment after TKA for varus deformity. The authors also 
suggested that undercorrection to an approximately pre-
arthritic alignment as proposed by Bellemans et al. [2] 
might cause less release of knee ligaments. In the current 
study, however, condylar lift-off occurred easily in >3° 
varus alignment with slight slack in the LCL. More than 
3° varus alignment should be avoided to prevent condylar 
lift-off. Our results are consistent with those reported by 
Hamai et al. [12], who examined the influence of varus–
valgus laxity and coronal alignment on condylar lift-off 
during walking and found that lift-off hardly occurred in a 
well-aligned TKA. The force pattern during the gait cycle 
in our study is also consistent with that of a previous study 
by Stiehl et al. [40], who reported that 90 % of the 20 sub-
jects after TKA demonstrated significant condylar lift-off 
during the single-leg stance of gait but not on heel strike. 
Our study also detected higher peak contact forces in the 
medial tibiofemoral joint on heel strike and lateral condylar 
lift-off during the single-leg stance. The contact forces at 
the tibiofemoral joint were influenced more by the degree 
of varus alignment than by the amount of LCL slack. A 5° 
varus alignment caused 1.5 times the medial tibiofemoral 
contact force as the neutral alignment.

Implant design is an important factor affecting the 
occurrence of condylar lift-off. A previous study reported 
that the incidence of condylar lift-off was greater using the 
PS design than using the posterior cruciate-retaining design 
with the restraining effect of the posterior cruciate ligament 

[19]. Other studies reported no statistically significant dif-
ference in the incidence of condylar lift-off between the 
two designs [8, 16].

There are important limitations to our study. First, a vir-
tual and variable model with general knee joint was com-
prised in this simulation, and the material properties for 
soft tissues were obtained from relevant cadaver studies. 
Second, although fine adjustments were made to the stiff-
ness, length patterns, and slack of each ligament based 
on the relevant anatomical literature, our model may not 
have strictly simulated TKA for various knee deformities 
because of the absence of definitive data for each mate-
rial property in knees with severe osteoarthritis. Third, this 
computer simulation did not directly measure the adduction 
moment in each setting. A biomechanics study reported 
that varus knees had significantly greater peak knee adduc-
tion moments than neutral knees [13]. In our model, the 
ground reaction force was applied along the mechanical 
axis of the leg (the centre of the femoral head to the centre 
of the ankle). Therefore, it was considered that the adduc-
tion moment increased with greater femoral varus align-
ment. Further, this study evaluated only one representative 
model and could not detect the influence of various prox-
imal offsets of the femur. The magnitude of this offset is 
an important factor causing condylar lift-off in the coronal 
plane because it affects the adduction moment. Finally, our 
analysis used component data with only one fixed-bearing 
flat design for PS TKA and did not consider a malrotation 
model of the femoral component.

The clinical relevance of this study is that excessive 
varus alignment should be avoided to prevent postoperative 
condylar lift-off, especially if LCL laxity remains during 
TKA.

Conclusions

These computer simulation findings suggest that no condy-
lar lift-off occurred in neutral coronal alignment regardless 
of excessive collateral ligament laxity, and therefore, varus 
alignment should be avoided to decrease lift-off after TKA.

Conflict of interest The authors declare that they have no conflict 
of interest.
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