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Abstract
Introduction  Despite the existence of diverse total knee implant designs, few data is available on the relationship between 
the level of implant constraint and the postoperative joint stability in the frontal plane and strain in the collateral ligaments. 
The current study aimed to document this relation in an ex vivo setting.
Materials and methods  Six fresh-frozen lower limbs underwent imaging for preparation of specimen-specific surgical 
guides. Specimens were dissected and assessed for joint laxity using the varus–valgus stress tests at fixed knee flexion angles. 
A handheld dynamometer applied tensile loads at the ankle, thereby resulting in a knee abduction–adduction moment of 
10 Nm. Tibiofemoral kinematics were calculated using an optical motion capture system, while extensometers attached to 
medial collateral (MCL) and lateral collateral ligament (LCL) measured strain. Native joint testing was followed by four 
TKA designs from a single implant line—cruciate retaining, posterior stabilised, varus–valgus constrained and hinged knee 
(HK)—and subsequent testing after each implantation. Repeated measures linear mixed-models (p < 0.05) were used to 
compare preoperative vs. postoperative data on frontal plane laxity and collateral ligament strain.
Results  Increasing implant constraint reduced frontal plane laxity across knee flexion, especially in deep flexion (r2 > 0.76), 
and MCL strain in extension; however, LCL strain reduction was not consistent. Frontal plane laxity increased with knee flex-
ion angle, but similar trends were inconclusive for ligament strain. HK reduced joint laxity and ligament strain as compared 
to the native condition consistently across knee flexion angle, with significant reductions in flexion (p < 0.024) and extension 
(p < 0.001), respectively, thereby elucidating the implant design-induced joint stability. Ligament strain exhibited a strong 
positive correlation with varus–valgus alignment (r2 = 0.96), notwithstanding knee flexion angle or TKA implant design.
Conclusion  The study demonstrated that increasing the constraint of a TKA resulted in lower frontal plane laxity of the 
knee. With implant features impacting laxity in the coronal plane, consequentially affecting strain in collateral ligaments, 
surgeons must consider these factors when deciding a TKA implant, especially for primary TKA.
Level of evidence  V.
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Introduction

Knee instability has been reported as the third most com-
mon failure mode following total knee arthroplasty (TKA), 
having been diagnosed in 7.5% of TKA cases requiring 
revision surgery [1]. Postoperative joint stability in the 
frontal plane is driven by the interaction between the 
implant and the surrounding soft-tissue, and optimised by 
imposing a constraint on this interaction using implant 
design features, such as implant conformity, post/cam 
mechanisms and mechanical linkages [2, 3].

In a cruciate retaining (CR) TKA, the posterior cruci-
ate ligament (PCL) is preserved to promote stability and 
femoral rollback [2]. In a posterior stabilized (PS) design, 
however, the PCL is sacrificed and replaced by a post/cam 
mechanism to influence knee stability [2]. Both CR and 
PS TKA rely on the collateral ligaments to provide frontal 
plane stability. In the case of severe bone deformity, liga-
ment insufficiency or revision arthroplasty, the varus–val-
gus constrained (VVC) design provides additional con-
straint in the frontal plane using an elevated tibial post 
which is further reinforced as compared to that in a PS 
design [4]. The highest level of constraint is provided by 
a hinged knee (HK) design, where the femoral and tibial 
components are mechanically connected by an axle [3]. 
Despite the existence of diverse implant designs, there is 
a lack of data characterizing the relationship between the 
level of constraint provided by the implant and the post-
operative joint stability in the frontal plane and the strain 
in collateral ligaments.

The goal of the present study was to characterize the 
influence of increasing implant constraint, within a single 
implant line (Legion, Smith and Nephew, Memphis, USA), 
on the joint laxity in the frontal plane and the strain in 
the medial collateral ligament (MCL) and the lateral col-
lateral ligament (LCL) of cadaveric knees. It was hypoth-
esized that a hinged TKA offers maximum joint constraint, 
thereby resulting in least frontal plane laxity and collateral 
ligament strain as compared to other TKA designs.

Materials and methods

Specimen preparation

Six fresh-frozen right lower limbs (five males, one female, 
Age: 77 ± 10 years, Height: 172 ± 6 cm, Weight: 71 ± 15 kg) 
were obtained from the institute body donation program 
following ethical approval by the local ethics committee 
(NH019 2016-06-03). None of the specimens had a history 
of lower limb disorder or prior surgical intervention.

A magnetic resonance imaging scan (Ingenia 3.0 T, 
Philips Healthcare, Amsterdam, Netherlands) of the knee 
and a full leg radiograph were obtained for each speci-
men to design specific cutting blocks for a primary CR 
TKA (Legion, Smith & Nephew, Memphis, USA) using 
the Visionaire protocol (Visionaire, Smith & Nephew, 
Memphis, USA). Rigid marker frames with reflective 
spheres were attached to the femur and tibia using bicor-
tical bone pins. Computed tomography (CT) scans (slice 
thickness = 0.6 mm; Siemens Somatom Force, Siemens 
Healthcare, Erlangen, Germany) obtained for each frozen 
specimen in full extension were used to identify the loca-
tion of the markers relative to anatomic landmarks (Mim-
ics 18.0, Materialise, Leuven, Belgium) in order to define 
a joint coordinate system for the femur and tibia [5].

Each lower limb was thawed for 24 h before resecting it 
32 cm proximal and 28 cm distal to the knee joint. Care was 
taken to preserve the joint capsule, ligaments and tendons 
while dissecting the surrounding skin and subcutaneous tis-
sue. The femur and tibia were embedded in metal pots using 
acrylic resin (Struers, Ballerup, Denmark) in a physiologic 
orientation. While the specimen was placed in complete 
extension, calibrated axial extensometers (accuracy = 0.5%, 
hysteresis = 0.07%; MTS, Type 634.12F-24, Eden Prairie, 
Minnesota, USA) were affixed to the superficial MCL and 
the LCL along the axis of the ligaments around the mid-por-
tion region using a series of suture loops (2/0 non-absorba-
ble polyester braided suture wire; Cardioxyl, Peters Surgical, 
Bobigny Cedex, France).

Experimental testing

Specimen laxity was assessed using varus–valgus stress 
tests at flexion angles of 0°, 30°, 60°, and 90° (Fig. 1). The 
femoral pot was rigidly fixed, although the tibia was free to 
move in all three translations and rotations, thereby allowing 
six degrees of freedom at the joint. The joint was subjected 
to an adduction–abduction moment of 10 Nm by manu-
ally applying a tensile force with a handheld force gauge 
(resolution = 0.1 N; Series 4, Mark-10, Copiague, USA) at 
the distal tibia perpendicular to the tibial long axis. This 
moment has been shown to be below the damage threshold 
of the MCL and LCL [6, 7]. A six-camera optical motion 
capture system (capture frequency = 100  Hz; MX40+ , 
Vicon, Oxford, UK) was used to record the trajectories of 
the markers attached to the femur and tibia, and synchronise 
signals from the force gauge and the extensometers (capture 
frequency = 200 Hz). All trials were performed in triplicate 
by a single investigator.

Following testing on the native knee, the specimens were 
implanted with a series of cemented mechanically aligned 
total knee prostheses (Legion Total Knee System, Smith 
& Nephew) with an increasing level of constraint (Fig. 2). 
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The first condition involved the implantation of a cemented 
Legion CR prosthesis using a medial parapatellar approach 
involving the preservation of the PCL. For the second con-
dition, the femoral component and polyethylene insert were 
changed to Legion PS (no varus–valgus constraint), after 
resecting the PCL. The PS polyethylene insert was then 
changed to a VVC (± 3° varus–valgus constraint, 10° hyper-
extension, ± 4° rotation). Finally, both the femoral and tibial 
components were revised to the HK prosthesis (± 2° varus-
valgus constraint, 3° hyperextension, no constraint in rota-
tion). A tibial 0° recut was performed to accommodate the 
hinged tibial component. The aforementioned experimental 
protocol was replicated following each implanted condition. 
The thickness of the poly-ethylene insert was selected at the 
discretion of the surgeon after balancing the ligaments, if 

required. The cement–implant interface was covered with a 
film of petroleum jelly to facilitate implant removal without 
additional bone damage.

All surgical procedures were performed by a single sur-
geon trained in primary and revision TKA. The joint capsule 
was closed with interrupted sutures following each change 
in implant condition.

No significant bone defects occurred. The extensometers 
remained attached to the collateral ligaments during the 
entire process.

Data analysis

Joint kinematics for each postoperative condition were com-
pared to those for the native joint to quantify changes in 
the varus–valgus orientation during the laxity tests. Liga-
ment strain was expressed as the engineering strain calcu-
lated from the extensometer data, with the unloaded, fully 
extended configuration considered as the zero reference.

Repeated measures linear mixed-models were used 
to compare preoperative and postoperative data (SPSS 
23, IBM, Armonk, NY, USA). If statistically significant 
(p < 0.05), pairwise post hoc tests were conducted with 
Sidak’s correction. A previously performed power analysis 
indicated that six specimens are required for a difference in 
the mean MCL and LCL strain of 3.6% and 5.8%, respec-
tively, to be statistically significant with a power of 0.8 [8].

The specimens with early failure and outliers—evalu-
ated using box-and-whisker, Tukey’s method (< lower quar-
tile—1.5 * interquartile range and > upper quartile + 1.5 * 
interquartile range)—were excluded from the study.

Results

Comparisons with increasing implant constraints

Increasing joint constraints imposed by the implant design 
resulted in a reduction in frontal plane laxity, and a conse-
quent increase in joint stability, during the valgus and varus 
stress tests conducted at all knee flexion angles (Fig. 3a). 
The reduction in frontal plane laxity along implant constraint 
was higher for higher knee flexion angles for both the val-
gus (r2 = 0.66 at 0°, r2 = 0.95 at 90°) and varus (r2 = 0.43 at 
0°, r2 = 0.76 at 90°) stress tests, although more prominently 
observed for the valgus stress test. When averaged over all 
flexion angles, joint stability increased with every added 
implant constraint in both the valgus and varus direction, 
barring an unexpected behaviour of HK in varus (Table 1).

MCL strain plotted against increasing implant constraint 
revealed a postoperative reduction in extension (0°) for all 
implant designs compared to the native condition, but only 
for HK across all knee flexion angles (Fig. 3b); however, the 

Fig. 1   An exemplary experimental setup for the valgus stress test at 
90° indicating the tensile force application at the distal tibia perpen-
dicular to the tibial long axis in order to subject the knee to an abduc-
tion moment of 10 Nm

Fig. 2   The testing order of implant designs of varying constraints 
with an indication (red arrow) of individual component changes 
between procedures (CR cruciate retaining, PS posterior stabilized, 
VVC varus-valgus constrained, HK hinged knee)
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LCL strain did not follow consistent trends along increasing 
implant constraints over knee flexion. When averaged over 
all flexion angles, collateral ligament strain reduced with 
every added implant constraint following PS (Table 1).

Comparison with increasing flexion angle

Irrespective of the TKA implant design, postoperative 
frontal plane laxity during the valgus and varus stress tests 
was observed to be lesser than that in the native condition 
throughout knee flexion (Fig. 4a). Valgus laxity increased 
with increasing knee flexion, although this was most pro-
nounced in the native condition (Fig. 4a). Postoperative 
MCL strain followed similar trends in being lesser than that 
in the native condition throughout flexion, except at 90°; 
however, this was not observed consistently in postoperative 
LCL strain across knee flexion (Fig. 4b).

In the case of frontal plane laxity during the valgus stress 
test, when compared to the native condition, the HK resulted 
in over 23% reduction in valgus angles across knee flex-
ion, albeit reductions being statistically significant only at 
60° (39%, p = 0.007) and 90° (47%, p = 0.024) (Table 2). 
Correspondingly, the strain in MCL was also found to be 
lower in HK as compared to the native condition by over 
35% across knee flexion, with reductions in extension (67%, 
p < 0.001) and at 30° flexion (45%, p < 0.001) being statisti-
cally significant. While other TKA designs also resulted in a 
reduction in valgus angle (Fig. 3a) and MCL strain (Fig. 3b) 
as compared to the native condition, reductions were statis-
tically significant only for the valgus angle following VVC 
implantation in extension (32%, p < 0.045), and for MCL 

strain following CR in extension (49%, p = 0.001) and 30° 
flexion (32%, p = 0.017), following PS in extension (44%, 
p = 0.003) and following VVC in extension (55%, p < 0.01).

In the case of frontal plane laxity during the varus stress 
test, when compared to the native condition, the VVC and 
HK resulted in over 40% reduction in varus angles during 
knee flexion, although reductions were significant only at 
90° (46%, p = 0.017 following VVC and 40%, p = 0.049 fol-
lowing HK). In contrast, corresponding reductions in LCL 
strains following VVC and HK were not statistically signifi-
cant. Moreover, postoperative alterations in varus angles and 
LCL strains following other implantations were not statisti-
cally significant.

Ligament strain vs. joint laxity

The strain in the MCL or LCL plotted with respect to the 
knee abduction or adduction during the stress tests, respec-
tively, performed at all flexion angles for all implant designs, 
revealed a strong positive correlation with a nearly unit lin-
ear relationship (slope = 0.98, r2 = 0.96) (Fig. 5).

Discussion

The most important finding of this cadaveric study was 
that increasing joint constraint—from a ligament retain-
ing CR condition, to a ligament sacrificing PS condition, 
to an imposed restriction VVC condition, through to an 
entirely artificial HK joint—gradually decreased frontal 
plane laxity, thereby indicating improved joint stability, as 

Fig. 3   Mean (a) tibiofemoral abduction and (b) collateral ligament strain across six specimens plotted with increasing implant constraint at vari-
ous knee flexion angle (CR cruciate retaining, PS posterior stabilized, VVC varus–valgus constrained, HK hinged knee)



2169Archives of Orthopaedic and Trauma Surgery (2023) 143:2165–2173	

1 3

compared to the intact native condition, as hypothesized 
(Fig. 3a, Table 1). The prominence of this phenomenon in 
valgus over varus reflects the contemporary TKA designs 
largely driven towards medial stability. However, for all the 
native and postoperative conditions, joint laxity was higher 
in flexion than in complete extension, with results for val-
gus stress test more prominent than the varus counterpart 
(Fig. 3a); this contrasts the idea of medial stability-driven 
TKA designs indicating that this stability is not potentially 
reflected throughout the range of knee flexion.

In comparison to the native knee, all postoperative con-
ditions exhibited reduction in frontal plane laxity (Fig. 4a); 
however, the changes in joint laxity due to different levels 
of constraint were not all statistically significant, possibly 
owing to intact collateral ligaments throughout the experi-
ment. Although more physiologically replicative of the 
in vivo condition, intact collateral ligaments disallowed the 
quantification of the independent contribution of the implant 
design to the joint constraint [9]. Based on these findings, it 

could be concluded that addition of constraints in prosthetic 
design might not be particularly useful in the case of intact, 
balanced collateral ligaments.

Manning et al. reported differences in frontal plane lax-
ity before and after a single-radius CR TKA using naviga-
tion [10]. In contrast to the findings in the current study, no 
increase in frontal plane laxity with increasing knee flex-
ion was reported in the native knee; moreover, a significant 
increase in frontal plane laxity post-TKA was reported for 
higher flexion angles. The results of the current study sug-
gest that joint laxity following multi-radius CR TKA is lower 
as compared to the native condition, which conforms with 
those of Hunt et al., who used the same type of single-radius 
CR implant [11]. This signifies the importance of interpret-
ing and comparing these data with caution owing to different 
study setups, implant designs and surgical techniques for 
joint balancing, which determine the tightness of the joint.

Collateral ligament strain was positively correlated to 
joint alignment in the frontal plane with a nearly unit lin-
ear relationship (Fig. 5). This information helps in correlat-
ing the dynamic joint alignment, and therefore joint space 
distraction, to collateral ligament strain, especially impor-
tant during passive tests for joint laxity performed intraop-
eratively. Postoperative collateral ligament strains revealed 
that the implant constraints exhibited greater effects on the 
MCL than the LCL, especially in extension (Fig. 3b, 4b), 
which corroborates with postoperative joint laxity findings 
reflecting contemporary TKA implants designed primarily 
for medial stability. Moreover, while changes in MCL strain 
following TKA conformed with the valgus alignment of the 
knee across knee flexion, changes in postoperative LCL 
strain were not reflective of the varus alignment (Fig. 4), 
probably owing to the contribution of other ligamentous sta-
bilisers on the lateral aspect of the joint. While this was in 
agreement with the common guidelines for implant selection 
in the literature [12], it differed from an in vitro study which 
compared the collateral ligament strains following PS TKA, 
probably owing to methodological variations in measuring 
strain across knee flexion [13].

Postoperative frontal plane alignment following VVC and 
HK implantation recorded during the laxity tests at various 
knee flexion angles were similar to the prescribed allow-
able limits of ± 3° and ± 2° respectively (Table 2). The HK 
implant—the design offering the most constrained joint—
significantly reduced the joint laxity from the native condi-
tion in both the valgus and varus directions, as hypothesized 
(Figs. 3a, 4a). This was prominent in high flexion (Table 2), 
whereby laxity in the native joint tends to be higher as com-
pared to extension, but joint laxity following HK remains 
similar to that in extension owing to the implant design 
induced frontal plane stability. For similar reasons, col-
lateral ligament strains following HK were similar across 
knee flexion (Fig. 4b). When plotted against the applied knee 

Table 1   Differences between loaded and unloaded tibiofemoral 
abduction–adduction and collateral ligament strains for the native and 
postoperative conditions with different implant designs during varus–
valgus laxity testing

  Native CR PS VVC HK 

Va
lg

us
 la

xi
ty

 

Mean (°) 3.6 2.9 2.9 2.6 2.3 

Δnative - 17.5% ↓ 20.2% ↓ 27.3% ↓ 37.1% ↓ 

Δincr - - (+3.2% ↓) (+8.9% ↓) (+13.5% ↓) 

Va
ru

s l
ax

ity
 

Mean (°) 3.4 2.6 2.6 1.9 2.2 

Δnative - 22.1% ↓ 24.6% ↓ 42.9% ↓ 36.1% ↓ 

Δincr - - (+3.2% ↓) (+24.3% ↓) (-12.0% ↑) 

M
C

L 
st

ra
in

 

Mean (%) 3.6 2.6 3.0 2.8 1.9 

Δnative - 27.4% ↓ 15.9% ↓ 22.0% ↓ 47.2% ↓ 

Δincr - - (-15.9% ↑) (+7.3% ↓) (+32.2% ↓) 

LC
L 

st
ra

in
 

Mean (%) 2.9 3.0 3.1 2.5 2.1 

Δnative - -1.8% ↑ -3.3% ↑ 15.6% ↓ 27.4% ↓ 

Δincr - - (-1.4% ↑) (+18.3% ↓) (+13.9% ↓) 

Δnative indicates alterations with respect to the native condition; 
Δincr indicates the incremental increase in joint stability with each 
additional level of constraint imposed by the implant design. Green 
arrows represent a decrease in laxity or ligament strain, thereby 
reflecting an increase in postoperative joint stability, while red arrows 
represent an increase in laxity or ligament strain, thereby reflecting 
a decrease in postoperative joint stability. (Data represented as mean 
across flexion angles across six specimens
CR  cruciate retaining, PS posterior stabilized, VVC varus-valgus con-
strained, HK hinged knee, MCL medial collateral ligament, LCL lat-
eral collateral ligament)
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abduction–adduction moment, the comparable trends of 
joint laxity and ligament strains following HK in extension 
and 90° flexion clearly elucidate the joint stability induced 
by the implant design, unlike the native condition where the 
joint laxity increases considerably from extension to flexion 
(Fig. 6a). Most importantly, the HK design provided a seem-
ingly constant, more predictable joint stability across the 
entire range of knee flexion.

Becker et al. recently highlighted the possible implica-
tions of alterations in soft tissue tension on the neurosensory 
system which can be an explanation for pain [14]. There is 
still a significant lack of knowledge in the understanding 
of the neuromuscular function of the knee and the effect of 
different tension patterns of the soft tissue on the outcome 
after TKA. Many studies have focused on correct balancing 
of the knee during TKA, but a balanced knee also can end 
up in poor function due to significantly abnormal soft tissue 
tension. Colyn et al. observed improved clinical outcome 
scores and stability when a VVC design was favoured over 
less constrained implants in the setting of high-grade varus 
deformities to compensate for the expected lateral laxity 
without performing extensive release of the MCL to achieve 
a balanced knee [15]. Delport et al. reported different strains 
in the collateral ligaments before and after implantation of a 
TKA [14]. They concluded that this could be seen as a sign 
of stability by the surgeon, but the patient might experience 
stiffness due to the increase in soft tissue strain above the 
threshold of 0.7% which might trigger the afferent fibres to 
fire, which is why they consequently recommended against 
overstuffing. Although implantation of a hinged TKA did not 
significantly decrease collateral ligament strain in our study, 

it is possible that these designs can lead to increased stabil-
ity and range of motion in cases of arthrofibrosis, wherein a 
decrease in soft tissue tension is typically achieved by resec-
tion of collateral ligaments. Further research is warranted 
on this topic.

Although this study was a first of its kind in compar-
ing effects of increasing implant constraint on joint bio-
mechanics during stress tests, it had certain limitations. 
Since the soft tissue envelope of the knee remained intact 
during experimental testing, the isolated impact of implant 
constraints on knee stability, without the contribution of 
surrounding ligamentous stabilisers, could not be studied. 
Owing to the increasing levels of joint constraint provided 
by each chronological design feature, randomization in 
implant sequence was not possible. Moreover, all implants 
in this study were selected from a single manufacturer, 
and results might differ for similar studies conducted 
with those from another manufacturer due to the nuances 
in implant design. Stress tests were performed with the 
abduction–adduction moment about the knee applied 
using manual varus–valgus loads at the ankle, as opposed 
to using automated devices or robotic manipulators [16], 
primarily to closely replicate laxity tests performed clini-
cally and intraoperatively. The use of extensometers lim-
ited ligament strain measurement to relative values with 
respect to a reference, instead of true collateral ligament 
strains which take into account the pre-existing ligament 
strain owing to its attachment to the bone [17]. Moreover, 
experimental difficulties in using extensometers included 
loss of experimental data of MCL strain for one speci-
men at 60° during the valgus stress test. It is, therefore, 

Fig. 4   Mean (a) tibiofemoral abduction and (b) collateral ligament 
strain across six specimens with increasing knee flexion angle for the 
native condition (dashed grey) and following total knee replacements 

performed using cruciate retaining (solid blue), posterior stabilised 
(solid red), varus–valgus constrained (dashed red) and hinged knee 
(solid green) implant designs
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recommended to employ non-invasive methods, such as 
digital image correlation, to quantify ligament strain. 
Collateral ligament strains were measured superficially 
on individual ligaments, thereby neglecting the harmoni-
ous contribution of other ligamentous structures, such as 
the posterior capsule, to overall knee stability. Although 
MCL strain was measured only in the superficial layer, 
the deep MCL is known to not substantially contribute 

to valgus stability [18]. The LCL was the only ligament 
measured on the lateral side, and we acknowledge that it is 
not representative of all lateral ligament structures in the 
knee. Moreover, non-ligamentous stabilisers, such as the 
iliotibial band and tendons of the popliteus and the ham-
strings were also neglected and should be considered for 
an exhaustive inclusion. Last, a limited number of cadav-
ers were used for the study although in vitro studies in the 
literature have resorted to similar number of specimens 
[19–21].

Conclusions

The study demonstrated that increasing the constraint of 
a TKA resulted in lower frontal plane laxity of the knee. 
With implant features impacting laxity in the coronal 
plane, consequentially affecting strain in collateral liga-
ments, surgeons must consider these factors when deciding 
a TKA implant, especially for primary TKA.

Table 2   Differences between loaded and unloaded tibiofemoral 
abduction–adduction and collateral ligament strains for the native and 
postoperative conditions with the different implant designs during 
varus–valgus laxity testing performed at various knee flexion angles

Data represented as mean ± SD across six specimens, except for MCL 
strain at 60° where one specimen was neglected owing to loss of 
experimental data
CR cruciate retaining, PS posterior stabilized, VVC varus–valgus con-
strained, HK hinged knee, MCL medial collateral ligament, LCL lat-
eral collateral ligament
a Significant (p < 0.05) relative to native
b Significant (p < 0.05) relative to PS

Flexion 
angle

Condi-
tion

Valgus Stress Test Varus Stress Test

Valgus (°) MCL ε (%) Varus (°) LCL ε (%)

0° Native 1.9 ± 0.5 3.6 ± 1.4 2.8 ± 1.0 2.3 ± 1.1
CR 1.6 ± 0.6 1.8 ± 1.2a 2.6 ± 0.7 2.5 ± 1.2
PS 1.8 ± 0.3 2.1 ± 0.6a 2.4 ± 1.1 2.2 ± 1.1
VVC 1.3 ± 0.3a 1.6 ± 0.8a 2.0 ± 0.5 2.3 ± 1.2
HK 1.3 ± 0.2 1.2 ± 0.9a 2.5 ± 1.0 2.2 ± 0.9

30° Native 3.3 ± 0.7 3.7 ± 1.3 3.6 ± 1.2 3.2 ± 1.5
CR 3.0 ± 0.7 2.6 ± 1.3a 2.7 ± 1.2 3.3 ± 1.1
PS 2.4 ± 0.8 3.3 ± 1.3 2.7 ± 1.2 2.9 ± 1.6
VVC 2.7 ± 1.1 3.1 ± 1.1 1.9 ± 0.8 2.7 ± 1.3
HK 2.5 ± 0.8 2.0 ± 1.2a,b 2.0 ± 1.2 1.8 ± 1.0

60° Native 4.2 ± 1.2 3.8 ± 1.3 3.5 ± 2.1 3.1 ± 1.6
CR 3.3 ± 0.8 2.6 ± 1.2 2.6 ± 1.0 3.2 ± 1.3
PS 3.3 ± 1.0 3.3 ± 1.0 2.5 ± 0.9 3.2 ± 1.5
VVC 3.1 ± 1.0 3.3 ± 1.1 1.9 ± 0.6 2.4 ± 1.1
HK 2.6 ± 0.8a 2.3 ± 0.8 2.0 ± 1.2 2.2 ± 1.5

90° Native 4.9 ± 0.9 3.1 ± 2.2 3.7 ± 1.8 3.1 ± 2.2
CR 3.9 ± 2.4 3.3 ± 2.2 2.6 ± 0.8 3.0 ± 1.6
PS 3.8 ± 0.9 3.4 ± 0.7 2.7 ± 0.8 3.7 ± 1.5
VVC 3.3 ± 0.9 3.1 ± 1.0 2.0 ± 0.3a 2.5 ± 1.2
HK 2.6 ± 1.0a 2.0 ± 1.0 2.2 ± 0.8a 2.3 ± 1.5

Fig. 5   Collateral ligament strain plotted against tibiofemoral abduc-
tion reveals a strong positive correlation (each data point represents 
mean ± SD across six specimens of a particular implant design tested 
at a particular knee flexion angle)
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