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Mid-flexion laxity in the asymptomatic native knee is predominantly
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Abstract

Purpose During total knee arthroplasty (TKA), an orthopaedic surgeon is focused on soft-tissue balance in extension (0°) and
in flexion (90°). Patients with instability problems of the knee often report a feeling of instability during daily life activities,
at around 30° knee flexion. There are no reference values available for knee laxity of healthy subjects in mid-flexion (30°)
and flexion (90°) for comparison with the TKA population. Therefore, the aim was to quantify varus and valgus knee laxity
in extension, mid-flexion and flexion in the asymptomatic native knee.

Methods In 40 healthy volunteers matched for age, gender and BMI with the TKA-population, varus and valgus knee laxity
in extension (0°), mid-flexion (30°) and flexion (90°) was measured on low-dose radiographs. For each subject, one randomly
selected knee was stressed in extension, mid-flexion and flexion (with 15 Nm) using a stress device.

Results Varus laxity in mid-flexion was higher than in extension and flexion (p <0.01). Valgus laxity tended to be highest
in mid-flexion laxity; however, no differences in knee laxity between flexion angles were seen (n.s.). Varus knee laxity in
extension was higher in females than in males (p <0.05).

Conclusions Mid-flexion laxity in the native knee is more prominent on the lateral side of the knee, while the medial side is

more stable and constrained. Varus knee laxity in extension was shown to be higher in females than in males.

Level of evidence Prognostic Level II.

Keywords Mid-flexion laxity - Varus and valgus knee laxity - Native knee - Stress radiographs - Total knee arthroplasty

Introduction

During total knee arthroplasty (TKA) surgery, important
knee joint stabilizers, such as the menisci and, in posterior
stabilized (PS) TKA, the cruciate ligaments, are removed
[1]. The collateral ligaments remain intact and are rec-
ognised to be the primary passive knee stabilisers in the
coronal plane [2, 3]. In order to restore the stability of the
replaced knee, it is important to know how tight or loose a
knee should be implanted to achieve optimal tension of the
collateral ligaments [4].

Intra-operatively, knee laxity is difficult to quantify; the
orthopaedic surgeon is mainly focused on soft-tissue balance
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in extension (0°) and in flexion (90°), to achieve proper kin-
ematics and stability [1, 4]. In that case, knee laxity in the
mid-flexion range (15°-60°) is frequently not taken into
account [1]. Moreover, the anatomy of the lateral and medial
knee compartments differ; therefore, it makes sense to deter-
mine varus and valgus laxity separately [2].

Mid-flexion laxity is experienced by patients as impair-
ment in performing daily life activities when the knee is
regularly loaded in mid-flexion (around 30°) [5]. Therefore,
mid-flexion stability is considered of major importance for
a good functional outcome after TKA [1, 6].

To date, there are no in vivo reference values of knee
laxity in mid-flexion (30°) and flexion (90°) available for
equally aged asymptomatic knees to compare with those of
the TKA population (Table 1). Previously, cadaveric stud-
ies measuring mid-flexion laxity on the lateral and medial
sides of the knee [1, 7, 8] and a study measuring knee laxity
in healthy older volunteers [9] have been published. Addi-
tionally, varus-valgus knee laxity is related to functional
ability [10]. Reference values of clinical and functional
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performance in asymptomatic knees have not been published
before.

The goal was to explore and describe the reference val-
ues for varus and valgus knee laxity in mid-flexion, flexion
and extension, in healthy older subjects. In addition, refer-
ence values for clinical performance and knee function will
be retrieved. Providing reference values helps to improve
understanding of the envelope of laxity in the native knee
and will subsequently help orthopaedic surgeons in clinical
practice to restore stability in the osteoarthritic knee.

Materials and methods

This cross-sectional study was performed at the Sint
Maartenskliniek Nijmegen, The Netherlands. 40 subjects
[average age 62.7 (SD 5.8) years, 13 males, 27 females]
were recruited through social media advertisement and an
advertisement in the waiting room of our orthopaedic clinic.
All 40 subjects completed the study protocol. Subjects aged
50-75 with no (diagnosed) osteo- or rheumatoid arthritis,
no history of knee (ligament) injury or knee complaints and
able to walk for at least one hour were included. Consider-
ing the heterogeneity of the TKA population, two or three
clusters (Table 2) per relevant characteristic were created
[age, gender and body mass index (BMI)], based on the char-
acteristics of the patients who underwent a primary TKA in
2014 in our hospital. Clusters were created to reflect the het-
erogeneity of the population and not to measure differences
between subjects within the different clusters. Recruitment
continued until the number of subjects for every cluster in
Table 2 was reached. Subjects with a hip arthrodesis or hip
prosthesis, BMI > 35, knee flexion < 90°, treatment for oste-
oporosis, visually observable varus or valgus leg alignment
were not recruited. For each subject, one randomly selected
knee was included in the study (20 left and 20 right knees).
A computer-generated randomization list was used to select
an equal number of left and right knees.

Measurements
Varus and valgus knee laxity

Varus and valgus laxity of the knee in extension (0°), mid-
flexion (30°) and flexion (90°) was assessed on radiographs

with the use of a custom-made stress device to stress the
knee (Fig. 1). Knee laxity was defined as the joint opening
under standardized applied moment. The assessments were
similar to the method published by Heesterbeek et al. [9].
During the stress radiographs, the subject was in a supine
position on a table with the lower leg on a platform with the
knee consecutively extended (but unlocked), flexed in 30°
and flexed in 90°, with the leg muscles relaxed. The foot
was placed in an ankle—foot orthosis. To minimize femur
movement when applying torques to the knee, the upper leg
was strapped on a thigh support on the medial and lateral
sides just proximal to the femoral epicondyles. With the use
of 50 N on a pulley 0.30 m distally from the joint line, an

Fig. 1 Custom-made stress device for assessment of varus and valgus
laxity of the knee in 0° (a), 30° and 90° (b) flexion

Table 2 Inclusion table

. Age 50-60 Age 61-75
(number of patients) where 40
participants were proportionally BMI<25 BMI 25-30 BMI 30-35 BMI <25 BMI 25-30 BMI 30-35
divided over the clusters, based
on relevant characteristics Male 1 2 5 3
(gender, age and BMI) Female 2 3 2 4 10
BMI body mass index

@ Springer
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external moment of 15 Nm was applied at the knee joint
laterally and medially, resulting in varus and valgus stress,
respectively. An external moment of 15 Nm was gradually
applied to the knee in a standardized way, so that the subject
could have continuously relaxed muscles. Under stress, low-
dose radiographs (Multidiagnost Eleva, Philips, Best, The
Netherlands) were obtained in the anteroposterior view. For
each subject, nine low-dose radiographs were made with
varus, valgus and no stress (neutral situation) applied, under
fluoroscopic guidance with the roentgen ray direction par-
allel to the tibia joint surface, centred on the middle of the
femorotibial joint space.

Varus and valgus knee laxity calculation

The angle between a tangent line on the femur condyles and
a line through the deepest tibial joint surfaces was measured
on the varus stress, valgus stress and neutral radiographs
(Fig. 2). The measurement tool within the radiographic
database program (Volume Vision within IntelliSpace PACS
Enterprise version 4.4, Philips, Foster City, United States)
was used, and measurements were made to the nearest 0.1°.
Varus laxity was defined as the difference between the varus
stress situation and the neutral situation and valgus laxity,
as the difference between the valgus stress situation and the
neutral situation [9]. The measurements were performed by
a single person (MtM). Duplicates of 25% of the measure-
ments were performed by a second rater (PH), to calculate
inter-rater reproducibility. Intra-rater reproducibility was
measured with an interval of 4 weeks. Four difficult meas-
urements caused by low-quality radiographs were discussed
and scored by consensus of the two raters. For two sub-
jects, the radiographs in 90° flexion were considered to be of
insufficient quality, making measurements impossible. These
measurements were withdrawn from the data set. Inter- and
intra-rater comparisons showed adequate reproducibility for
measuring varus and valgus laxity in extension, mid-flexion
and flexion in healthy subjects (95% prediction limits (Bland
and Altman)) (Table 3). The repeatability of varus-valgus

Tab!e 3 Inter- anq _intrarater 0° 300 90°
limits of repeatability for varus
and valgus laxity on low-dose
X-rays in 0°, 30° and 90° of
flexion in the asymptomatic
native knee

Varus
Interrater 1.3°  2.1° 0.9°
Intrarater 1.1° 1.6° 1.0°
Valgus
Interrater 1.7° 1.8° 0.8°
Intrarater 1.4° 1.3° 1.0°

laxity measurements was investigated earlier by Heesterbeek
et al. [9] and showed values ranging between 0.6° and 0.9°.

Clinical performance and knee function

Clinical performance and knee function were measured to
adequately describe the study population and to obtain refer-
ence values for these parameters. Knee function was scored
with the Knee Society Scoring System (KSS), including
subscales for clinical score (100 points) and function score
(100 points), where a higher score indicates a better outcome
[23]. Passive range of motion of the knee, part of the KSS,
was measured with a long-arm goniometer by the researcher.
The Tegner activity score was used to grade activity based
on work and sports activities on an activity level scale of
0-10, with level 10 indicating competitive sports (national
elite) [24]. Finally, anterior and posterior translation of the
tibia in 20°, 30° and 90° was measured using the rolimeter
(aircast Europa GmbH Neubeuern, Germany).

The Leg Extensor Power (LEP) rig (Queens Medical Cen-
tre, Nottingham, United Kingdom) was used to objectively
assess knee power output and, indirectly, knee function,
with high validity [25]. The LEP rig consists of a seat and
footplate connected through a lever and chain to a flywheel.
When the leg is extended, the footplate is pushed away from
the body, thereby accelerating the flywheel and producing
power. Subjects were encouraged to push their flexed leg
from the starting position into full extension with maximal

Fig.2 Measurements of varus and valgus laxity on low-dose stress radiographs in 30 flexion: valgus stress (a), neutral situation (b) and varus

stress (c¢)
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effort. This procedure was repeated five times for the study
knee.

IRB approval

The hospital’s institutional review board and the Medi-
cal Ethical Review Board of Slotervaart and Reade
(NL55385.048.15) approved the study protocol. All partici-
pants gave written informed consent.

Statistical analysis

No sample size was calculated because of the explorative
nature of the study. Subject characteristics were summarized
using descriptive statistics. Further, the Shapiro—Wilk test
was used to test for a normal distribution. Stratified analyses
were performed for males and females. Differences in varus
and valgus laxity in extension, mid-flexion and flexion were
assessed using ANOVA. The association between gender,
age and BMI and varus-valgus laxity was investigated with
aregression analysis. Pearson’s correlation coefficients (two-
tailed) were calculated between varus and valgus laxity for
extension, mid-flexion and flexion. Results were presented as
mean (SD) with range and 95% CI. Clinical and functional
variables were presented with median and ranges. Pearson’s
correlation coefficients (parametric) and/or Spearman’s rho
(non-parametric) were calculated between function scores
and varus and valgus laxity, when appropriate. Student’s ¢
test and the non-parametric Mann—Whitney U test were used
to compare function scores between males and females. Data
were analysed using STATA 13.0 (StataCorp, College Sta-
tion, Texas). A p value of <0.05 was considered statistically
significant.

Results

Varus and valgus laxity data in extension, mid-flexion and
flexion were all normally distributed, except for varus lax-
ity in extension. Total varus and total valgus laxity were not
normally distributed.

Varus and valgus knee laxity at various flexion
angles

Varus laxity in mid-flexion was significantly higher than in
extension and flexion (p <0.001) (Table 3). Valgus laxity
tended to be highest in mid-flexion; however, this was not
statistically significant between flexion angles (n.s.).
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extension mid-flexion flexion

Fig.3 Box plots of varus knee laxity in extension, mid-flexion and
flexion, stratified by gender (blue=male; red=female). Horizontal
lines represent the median, the length of the box the 25th—75th per-
centile, the whiskers the 0-25th and 75-100th percentiles, dots repre-
sent the outliers. *Varus laxity in extension statistically significantly
higher in females than in males (p <0.05). **Varus laxity in mid-
flexion statistically significantly higher than in extension (p <0.01).
*#*Varus laxity in mid-flexion statistically significantly higher than
in flexion (p <0.01)

Valgus knee laxity (°)

éé“

mid-flexion

extension flexion

Fig.4 Box plots of valgus knee laxity in extension, mid-flexion and
flexion, stratified by gender (blue=male; red=female). Horizontal
lines represent the median, the length of the box the 25th—75th per-
centile, the whiskers the 0-25th and 75—-100th percentiles, dots repre-
sent the outliers

Gender differences in varus and valgus knee laxity

When varus and valgus laxity were stratified by gender, we
saw that mid-flexion varus laxity was significantly higher
than in extension and flexion in both males and females
(»<0.002 and p <0.001, respectively) (Fig. 3; Table 4).
Valgus laxity was not significantly different between flexion
angles in males and females (n.s.) (Fig. 4).
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Table 4 Descriptive results of

e Median (°) Mean (°) SD (°) Range (°) 95% CI (°)

varus and valgus laxity in 0°,

30° and 90° of flexion measured Male (n=13)

in the asymptomatic native knee v, 1 ey (0°) 13 15 0.9 [0.3-3.5] [1.0-2.1]
Valgus laxity (0°) 1.9 2.0 0.6 [1.1-3.1] [1.6-2.3]
Varus laxity (30°) 3.7 3.6 1.4 [1.7-5.8] [2.8-4.4]
Valgus laxity (30°) 1.9 2.2 1.3 [0.1-3.9] [1.4-3.0]
Varus laxity (90°)? 3.1 3.1 1.7 [0.3-6.1] [2.0-4.1]
Valgus laxity (90°)* 1.4 1.6 1.0 [0.3-3.5] [1.0-2.2]

Female (n=27)

Varus laxity (0°)° 23 2.4 1.3 [0.5-5.1] [1.9-2.9]
Valgus laxity (0°) 1.9 2.1 1.3 [0.2-5.1] [1.6-2.6]
Varus laxity (30°) 37 3.8 1.7 [1.0-8.5] [3.1-4.5]
Valgus laxity (30°) 2.7 2.7 1.2 [0.4-5.7] [2.2-3.2]
Varus laxity (90°)* 2.7 2.5 1.6 [0.2-6.0] [1.9-3.2]
Valgus laxity (90°)* 2.1 2.2 1.2 [0.4-5.0] [1.7-2.6]

SD standard deviation

“Indicates missing data of n=1 (due to the quality of the low-dose X-rays) in varus and valgus laxity in 90°

of flexion

PIndicates statistically significant difference male vs female

Pearson’s correlation coefficient (R) between varus and
valgus laxity was —0.19 in extension, — 0.10 in mid-flexion
and 0.37 in flexion, indicating a low degree of correlation.

There was no statistical association between age, left or
right knee or BMI and varus or valgus knee laxity in exten-
sion, mid-flexion and flexion, in males or females.

Clinical performance and knee function

Clinical performance and knee function scores were not
correlated with varus-valgus knee laxity. Maximum power
output was higher, and time to maximum power output was
lower in males than in females (Table 5).

Table 5 Median scores [range]
of clinical performance and
knee function

@ Springer

Clinical and function scores All Male Female
n= 40 n= 1 3 n= 27
KSS (max score)
Clinical score (100) 99 [82-100] 95 [88-100] 99 [82-100]

Function score (100)

Total (clinical and function) (200)

ROM
Tegner activity scale (max 10)
Anterior translation (mm)
20°
30°
90°
Posterior translation (mm)
20°
30°
90°
LEP (watts)
Time to max power output (ms)

100 [80-100]
197 [178-200]
130 [110-135]
5[3-7]

1[1-3]
2% [1-4]
2[1-3]

2[1-4]
2 [1-4]
2 [1-4]
135% [59-317]

417* [314-565]

100 [90-100]
195 [182-200]
130 [110-135]
5[3-7]

1[1-3]
1[1-3]
1[1-3]

2[1-3]
2[1-4]
2[1-3]
193 [116-317]
379 [314-443]

100 [80-100]
199 [178-200]
120 [110-135]
5[4-6]

2[1-3]
2[1-4]
2[1-3]

2 [1-4]
2[1-3]

2 [1-4]

123 [59-201]
446 [379-565]

*p <0.05 (male vs female)
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Discussion

The most important finding of the study was that mid-
flexion laxity in the asymptomatic native knee was more
prominent on the lateral side of the knee, whereas the
medial side was more stable and constrained. Furthermore,
varus knee laxity in extension was shown to differ between
males and females. This is the first in vivo study reporting
on mid-flexion laxity in the asymptomatic native knee.

The differences between findings for the medial and
lateral sides can be explained by the characteristics of the
medial and lateral collateral ligament complex [2]. The
lateral side of the knee shows greater mobility because
the axis of rotation is based in the medial compartment
[2]. In contrast, the medial side of the knee is the more
stable one [2].

Varus knee laxity in extension was one degree higher
in females than in males. Although this value was close
to the limit of reproducibility, significant differences in
knee laxity of the collateral ligaments between males and
females have also been reported previously: these studies
showed that females had more varus and valgus knee lax-
ity than males [14—-16]. Gender differences were also seen
in functional outcomes, although clinical performance and
knee function scores were not associated with the level of
varus-valgus knee laxity in this study.

Our in vivo results approximate the in vivo knee laxi-
ties in extension and 70° flexion found in a previous study
by Heesterbeek et al. [9] and by other authors [1, 7-9,
11-13, 17, 18, 20-22, 26, 27] (Table 1). Exact compari-
son of the results with findings from previous studies is
complicated by heterogeneity in the methods used to stress
the knee, the amount of load applied, the unit of measure-
ment (e.g. millimetres vs degrees), differences between
study populations (e.g. in vivo vs in vitro, young vs older
subjects, cultural and anatomical differences) and differ-
ences in presentation of results (combined results vs varus
and valgus laxity separately). While almost all studies also
found a more stable medial side of the knee (Table 1),
the majority of studies reported increases in laxities with
increasing flexion angles (0°, 30° and 90°) [7, 8, 28] and
observed higher laxities than the present results in exten-
sion, as well as in mid-flexion and flexion [1, 3, 7]. These
differences in laxity are likely attributable to differences
between the in vivo and in vitro knees [8, 18].

Due to technical improvements in the previously used
custom-made stress device, it was possible to measure
in vivo varus-valgus knee laxity in up to 90° flexion with
low-dose radiographs. Although it was not always feasible
to measure this parameter in exactly 90° flexion, even with
the aforementioned technical improvements, the knees
were substantially more flexed than the 70° reported by

Heesterbeek et al. [9]. Unlike others, the present study
found slightly more laxity in mid-flexion than in 90° flex-
ion. Possibly, this was due to hip rotation during measure-
ment in 90° flexion. Although the upper leg was strapped
tightly on a thigh support, rotation was allowed when the
knee was flexed at 90°. Incomplete hip rotation and sub-
sequent unintentional muscular tensioning may have led
to an underestimation of the actual laxity in 90° flexion.
This is a known limitation of in vivo models [3], and it was
attempted to prevent this by gradually increasing the load.

The present study has some additional limitations: the
use of low-dose radiographs instead of normal radiographs
resulted not only in a lower radiation dose for the subject
but also in lower quality stress radiographs. Fortunately, the
inter-rater analyses still showed adequate reproducibility
for measuring varus-valgus knee laxity on low-dose radio-
graphs. Furthermore, the sample size was a compromise
between feasibility and ethical considerations. However, the
sample size was large enough to explore varus and valgus
knee laxity in asymptomatic native knees of a representa-
tive cohort.

How these findings could be translated to TKA remains
an open question. Mid-flexion laxity on the medial side of
the knee appears as an important issue: Aunan et al. found
that functional outcome 1 year after TKA was negatively
affected by increasing valgus laxity in extension and flex-
ion [29]. Other studies also found the same negative cor-
relation between valgus laxity and reduced postoperative
knee function [8, 30, 31]. Laxity in 0° and 90° flexion can
be influenced by a number of factors such as varus, valgus
and rotational changes of the implants [19]. Also, joint line
elevation causes mid-flexion laxity by shifting the centre
of rotation of the medial condyle and subsequently chang-
ing the function of the medial collateral ligament [1, 18,
28, 32]. In addition, reduction of posterior condylar offset
can also cause mid-flexion laxity [33]. In summary, know-
ing the envelope of laxity in the asymptomatic native knee
can contribute to an optimal restoration of stability during
TKA. However, it is still unresolved how varus laxity in 30°
flexion can be controlled precisely during surgery. Perhaps
new techniques such as robotic-assisted gap-balancing with
sophisticated software that can predict knee laxity before
femoral resections are performed have a place here [19].

Conclusion

Mid-flexion laxity in the asymptomatic native knee seems
more prominent on the lateral side of the knee, while the
medial side is more stable and constrained. Varus knee lax-
ity in extension was higher in females than in males. These
reference values for varus and valgus laxity in the native
knee for the full range of motion provide an overview for
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orthopaedic surgeons that will help them to better under-
stand the envelope of laxity.
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