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Abstract

Purpose The purpose of this study was to quantify the effect of clinically relevant open-wedge high tibial osteotomies on
medial collateral ligament (MCL) strain and the resultant tibiofemoral contact mechanics during knee extension and 30°
knee flexion.

Methods Six human cadaveric knee joints were axially loaded (1 kN) in knee extension and 30° knee flexion. Strains at the
anterior and posterior regions of the MCL were determined using strain gauges. Tibiofemoral contact mechanics (contact
area, mean and maximum contact pressure) were investigated using pressure-sensitive sensors. Open-wedge osteotomy was
performed using biplanar cuts and osteotomy angles of 5° and 10° were maintained using an external fixator. Tests were
performed first with intact and then with dissected MCL.

Results Nonparametric statistical analyses indicated a significant strain increase (p <0.01) in the anterior and posterior fibres
of the MCL with increasing osteotomy angle of up to 8.3% and 6.0%, respectively. Only after releasing the MCL the desired
lateralisation of the mechanical axis was achieved, indicating a significant decrease in the maximum contact pressure in knee
extension of —25% (p=0.028) and 30° knee flexion of —21% (p=0.027).

Conclusions The results of the present biomechanical study suggest, that an open-wedge high tibial osteotomy is most effec-
tive in reducing the medial contact pressure when spreading the osteotomy to 10° and concomitantly releasing the MCL. To
transfer the results of this biomechanical study to the clinical day-to-day practice, it is necessary to factor in the individual
ligamentous laxity of each patient into the treatment options e.g. particularly for patients with distinct knee ligament laxity
or medial ligamentary instability, the release of the MCL should be performed with care.

Level of evidence Controlled laboratory study.
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High tibial osteotomy is an established treatment for osteo-
arthritis of the medial compartment of the knee [13, 25].
The aim of the procedure is to change the load distribution
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from the injured medial to the intact lateral compartment
of the knee, which has been mainly investigated in vitro
by assessing the contact pressure (CP) distribution on the
tibial plateau [1, 5]. Clinical publications have shown good
long-term results after high tibial osteotomy [6, 10, 17].
The classic procedure is the lateral closed wedge oste-
otomy. In the last years, medial opening-wedge osteotomy
has gained popularity because the adjustment can be per-
formed more accurate, additionally allows correction of
the sagittal plane and eliminates the need for fibular oste-
otomy with the risk of peroneal nerve injury.

Whereas, the lateral closed wedge osteotomy has no
or only minor effects on the medial collateral ligament
medial opening-wedge high tibial osteotomy (OWHTO)
increases strain of the superficial medial collateral liga-
ment (sMCL). This is caused by the fact that the medial
opening-wedge osteotomy is typically performed proximal
of the distal attachment of the sSsMCL, therefore, the SMCL
is tensioned when performing the osteotomy [14]. There is
evidence in the literature that this over tensioning may lead
to an undesired re-loading of the medial joint compart-
ment [1, 20]. Therefore, clinically the sMCL is released,
on the one hand indicating good results in lateralisation
of the mechanical axis but, on the other hand, leading also
to knee laxity [27]. This was underlined by biomechani-
cal studies showing that the release of the SMCL must be
kept to a minimum to decrease the potential of late val-
gus instability [20]. By contrast, Agneskirchner et al. [1]
have shown, that for effective decompression of the medial
compartment a complete release of the distal fibers of the
MCL is necessary.

To our knowledge there is no study that analysed to what
extent the anterior and posterior parts of the SMCL are ten-
sioned under clinically relevant OWHTO angles of 5° and
10° combined with different knee flexion angles of 0° and
30°. Therefore, the aim of the present study was to inves-
tigate the strain of the sSsMCL after medial opening-wedge
osteotomy under different loading conditions. Moreover, the
relationship between these strains and the contact mechan-
ics at the medial and lateral tibiofemoral joint could provide
clinicians more information regarding partial or total release
of the sSMCL during OWHTO procedures. Because of the
lack of knowledge related to the biomechanics of OWHTO,
the following hypotheses were formulated:

i. Increasing OWHTO angle increases the strains at both
the anterior and posterior parts of the sSMCL under
knee extension and 30° knee flexion.

ii. At the clinically relevant OWHTO angles of 5° and
10°, the anterior and posterior SsMCL regions are
equally strained in knee extension (0°) and the ante-
rior SMCL portion is more strained than the posterior
SMCL in knee flexion of 30°.
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iii. The loaded CA is not influenced by the OWHTO inter-
vention.

iv. An increased sMCL strain, caused by the intraliga-
mentary approach of the OWHTO, results in unfavour-
able higher CP and maximum CP (CP,, ) at both the
medial and lateral joint compartments in knee exten-
sion and in 30° knee flexion.

v. Only a release of the sMCL will lead to the desired
decrease of the mean CP and CP,,, at the medial com-
partment, and thus to an increase of the mean CP and
CP,,,, at the lateral compartment, resulting in the lat-
eralisation of the mechanical knee axis in knee exten-
sion and in 30° knee flexion.

Materials and methods

This experimental cadaveric study investigated the tibiofem-
oral mean CP and CP,,, at six human lateral and medial
knee joint compartments and the strains at the anterior (g,,,)
and posterior sMCL (€post) in knee extension (0°) and 30°
knee flexion under a maximum axial joint load of 1000 N.
Each knee was investigated with varying the osteotomy
angle (0°, 5° and 10°) and the knee flexion (0° and 30°).
To account for a potential methodology bias both, the oste-
otomy angle and the knee flexion states were randomized
prior to testing. The knee joints were first tested with intact
sMCL and then with dissected sMCL resulting in a total of
12 different test conditions for each knee.

Preparation

Six left human cadaveric legs (59.5 +6.5 years, 4 males)
were obtained from an official tissue bank (Southeast Tis-
sue Alliance, Gainesville, FL., USA). The specimens were
thawed over 24 h at 4 °C before preparation. Prior to dissec-
tion, the joints were examined radiographically to ensure
that they were not injured, operated or displayed severe signs
of osteoarthritis. Additionally, the X-rays were used to deter-
mine the geometrical properties of the lower limb (Table 1)
to plan the biplanar OWHTO cuts for each individual knee.
Skin, muscles, subcutaneous tissue and the patella were

Table 1 Anatomical axis (aTFA), anatomical lateral distal femoral
angle (aLDFA), anatomical medial proximal tibial angle (aMPTA)
and proximal posterior tibial angle (PPTA) of the knee joints (n=06)

aTFA in ° aLDFAin°® aMPTAin°® PPTAin°
Mean+SD 176.2+4.4 81.7+2.3 85.7+2.2 82.2+1.7
Max 182 84 89 84
Min 171 78 83 79
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removed, leaving the remaining capsuloligamentous struc-
tures intact. To stabilise the lateral collateral ligament, the
fibula was cut to a length of 6 cm and fixed to the tibia using
a tricortical screw. The bony ends of the tibia and femur
were cut to a length of 20 cm from the knee joint gap and
potted in polymethyl methacrylate (Technovit® 3040, Her-
aeus Kulzer GmbH, Wehrheim, Germany). The osteotomy
was performed following the biplanar Stdubli method [25],
while preserving a 1-cm lateral bony hinge. An external fixa-
tor (Modular rod system, Synthes GmbH, Oberdorf, Swit-
zerland) was used in combination with an OWHTO bone
spreader (TomoFix bone spreader, Synthes GmbH) to allow
full control of the osteotomy angle throughout the proce-
dure. To ensure repeatability of the surgical intervention,
only one experienced senior orthopaedic surgeon performed
all preparation steps and the same surgeon performed also
each surgical modification throughout the biomechanical
tests. Throughout the preparation and testing procedure, the
specimens were kept moist with saline solution. Tests were
performed to investigate the influence of the osteotomy cut
itself on contact mechanics (CA, CP, CP,,,,) and the sMCL
strains (€, £pos)> iNdicating no differences between the
intact and osteotomised (0°) knee joint state. Therefore, the
osteotomised knee joint state was defined as the initial state
for further comparisons.

Measuring devices

Following anterior and posterior windowing of the cap-
sule, the medial and lateral tibial plateau was equipped
with a 1-mm thick Teflon sheet, which enhanced the
placement of a calibrated thin, flexible pressure sensor in
each joint compartment (K-Scan, pressure-mapping sen-
sor 4000, 1500 psi, accuracy < 4%; Tekscan Inc., South
Boston, USA). After correct submeniscal placement at the
medial and lateral plateau, the Teflon sheet was removed.
Subsequently, the sensors were secured using tape and two
cortical screws, which were attached at the anterior and
posterior proximal tibia (Fig. 1), preventing dislocation
of the sensor. Sensor calibration was performed using a
previously introduced setup [23] and a customised MAT-
LAB-algorithm allowing a nine-point calibration covering
the entire sensor bandwidth. This calibration method has
been shown to be more precise for knee joint experiments
compared to the manufacturer’s calibration [9]. Equili-
bration of the sensor maps was performed in accordance
to the manufacturer’s guideline. Adequate repeatability
(>80%) of the mean CP and CP,,, measurements on the
lateral and medial joint compartments were acquired dur-
ing pretests indicating reliable measurements. The anterior
and posterior parts of the sSMCL were equipped with two
strain gauges (Microminiature LVDT 3; accuracy +0.1%;

Fig. 1 Position of the Tekscan pressure-mapping sensor (Type 4000)
on the tibial plateau. Both sensor pads were inserted under the,
respective, menisci and then secured using a combination of tapes
and screws at the anterior and posterior tibial plateau

J

Fig. 2 Position of the strain gauges (M-DVRT 3, Lord Corp., USA) at
the level of the knee joint gap. The blue sensor measures the anterior
(€40 and the green sensor the posterior (€,,) strain of the superficial
medial collateral ligament (sSMCL). The dark green triangle indicates
the 5° osteotomy angle and the light green triangle the 10° osteot-
omy angle. The dashed line represents the frontal osteotomy at the
Tuberositas tibiae. The photograph shows the positioning of the both
DVRTs on the SMCL

LORD Corp., Williston, USA) by means of barbed pins at
the level of the medial knee joint gap to assess the strains
at the anterior (&,,) and posterior sMCL (¢, (Fig. 2).
During pretests high repeatability (> 85%) of the strain
measurements were acquired also indicating reliable
measurements. Zero-strain references of both sensors
were determined after reaching a previously defined axial
knee joint preload of 50 N at either full knee extension
(0°) or 30° knee flexion. Synchronised data acquisition of
the pressure measurements, SMCL strain measurements
and machine data from the materials testing machine was
achieved using customised software (LabVIEW, National
Instruments, Austin, USA). Further, reliability of the
measurements was checked during pretests.
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Test setup

Following preparation, the joints were placed in a material
testing machine (Z010, Zwick GmbH, Germany) using a
customised setup (Fig. 3), which was described previously
[23]. First, the tibial slope was individually adjusted per-
pendicular to the mechanical loading axis of the material
testing machine. The varus—valgus axis, axial rotation and
biplanar translation were left unconstrained to allow correct
knee alignment. In doing so, the knee was able to optimise
its tibiofemoral contact at a preload of 50 N, which was
applied via the material testing machine. Subsequently, the
varus—valgus axis of the tibia was fixed and the zero-strain
references of the anterior and posterior sSMCL were regis-
tered. In this manner, the tibia was constrained, while the
femur was allowed to rotate along its longitudinal axis and
translate in the sagittal and frontal planes.

Test protocol

To allow adjustment of the loading setup, control correct
positioning and function of the pressure sensor and deter-
mine the zero-strain reference of the both SMCL strain
gauges, the preload of 50 N was held under force-controlled
conditions for 5 min. During this period, the viscoelastic
structures of the knee were preconditioned by applying a
creep load of 50 N. To account for the viscoelastic behaviour
of the remaining knee soft tissues and to ensure measure-
ment repeatability, three loading cycles from 50 to 1000 N

Fig.3 Human cadaver specimen mounted inverted at the test setup,
which was integrated in a material testing machine. During the pro-
cedure, the external fixator allows full control of the osteotomy angle
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were applied at a displacement-controlled loading speed of
4 mm/min. The maximum axial load of 1000 N was chosen
to be comparable with the literature [1], which is equivalent
to approximately 1.5 times body weight.

Randomisation of the tests were performed for the three
osteotomy angles (0°, 5°and 10°) using an external fixa-
tor and for the knee flexion angle (0° and 30°), which was
adjusted at the femoral jig. The tests were conducted first
with intact sMCL. Based on the findings of Agneskircher
et al. [1], and to maintain the statistical power of the study,
we decided to perform a subsequent complete release of the
sMCL. The study and corresponding testing protocol were
approved by the local IRB board of the University of Ulm.

Statistical analyses

Based on the results of a similar study [1], a sample-size cal-
culation (G*Power 3.1: =0.05, f=0.2, 6=30%, SD 25%;
n=5 [7]) was performed to ensure sufficient statistical power
of the study. After feedback from the statistical department
and because of the eventually observed lower effects, the
sample size was increased to n=06.

Gaussian distribution of the data was tested using Sha-
piro—Wilk test, resulting in non-normally distributed data.
Therefore, non-parametric statistical analyses were per-
formed using a statistical software package (SPSS V24, IBM
Corp., Armonk, USA). A p value <0.05 was considered
statistically significant, while p value Bonferroni correction
was applied where necessary. The two different knee flexion
angles (0° and 30°) were analysed separately. Therefore, the
previously formulated hypotheses were statistically evalu-
ated as follows:

i. Influence of the osteotomy angle (0°, 5° and 10°)
on the strains at the anterior and posterior parts of
the sMCL were investigated using a Friedman-test
[two-factor analysis of variance (ANOVA)] followed
by a post-hoc test when significant differences were
observed.

ii. Comparisons between anterior and posterior sSMCL
strains at 0°, 5° and 10° OWHTO angles were statisti-
cally elaborated using Wilcoxon tests.

iii. Influence of the OWHTO angle (0°, 5°and 10°) on the
lateral and medial CA were investigated using a Fried-
man-test (two-factor ANOVA) followed by a post-hoc
test when significant differences were observed. Fur-
thermore, comparisons of the lateral and medial CA
before and after sSsMCL release at three osteotomy
angles (0°, 5°and 10°) were statistically investigated
using Wilcoxon tests.

iv. Influence of the OWHTO angle (0°, 5° and 10°) on
the lateral and medial CP and CP_,, were investigated
with intact sSMCL using a Friedman-test (two-factor
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ANOVA) followed by a post-hoc test when significant
differences were observed.

v. Comparisons of lateral and medial CP and CP,,,
before and after SMCL release at three osteotomy
angles (0°, 5° and 10°) were statistically investigated
using Wilcoxon tests.

Results

Influence of the OWHTO angle on the anterior
and posterior sMCL strains

Anterior and posterior SMCL strains steadily increased
with increasing osteotomy angle in extension (p < 0.008)
and flexion (p < 0.015; Fig. 4). Post-hoc testing indicated
that increasing the OWHTO angle from 0° to 10° sta-
tistically increased both, the anterior sSMCL (extension:
p=0.005; flexion: p=0.005) and the posterior sMCL
(extension: p =0.008; flexion: p =0.013).

Differences between the anterior and posterior
sMCL strains

In knee extension, the strains of the anterior and poste-
rior sSMCL were similar. In 30° knee flexion only at an
OWHTO angle of 10° the anterior sSMCL was 7% signifi-
cantly higher strained than the posterior sSMCL (p =0.043,
Fig. 4).

0° knee extension
10

*

O N o v

1
|
J,

Influence of the OWHTO and flexion angle on the CA

The tibiofemoral CA ranged between 309 and 466 mm? at
the lateral knee compartment and between 421 and 589 mm?
at the medial compartment (Table 2). With an intact SMCL,
lateral CA decreased about 26% (p=0.028) in knee exten-
sion and about 25.9% (p=0.028) in 30° flexion when com-
paring the 0° OWHTO state with the 10° OWHTO state.
After SMCL release, the loaded area at the lateral knee
compartment was reduced by 31% (p=0.028) in knee exten-
sion and at 0° osteotomy angle (Table 2). At the medial knee
compartment, we found a statistically significant reduc-
tion of CA for all OWHTO angles in both knee extension
(p <0.046) and 30° knee flexion (p <0.046), with a maxi-
mum reduction of 40% (p =0.046, knee extension, a=10°).

Influence of the OWHTO angle on the mean CP
andCP, .,
At knee extension the lateral mean CP did not change with
different osteotomy angles (Table 3), while at 30° knee
flexion, the lateral mean CP decreased of 0.22 MPa (63%;
p=0.042) when comparing 0° with 10° osteotomy angle and
of 0.19 MPa (54%; p=0.018) when comparing 5° with 10°
osteotomy angle. The medial mean CP was not influenced
by OWHTO angle or knee flexion.

Only at 30° knee flexion the lateral CP_,, significantly
decreased of 22% (p=0.028, Table 4) when comparing 0°
and 5° OWHTO states and of 37% (p=0.028) when compar-
ing 0° and 10° osteotomy states. The medial CP,,, was not
influenced by the OWHTO angles.

30° knee flexion

*

o #

0 l

anterior* posterior

Anterior and posterior sMCL strain (¢ ) in %

anterior* posterior

0° 5° 10°

Open Wedge Osteotomy Angle in °

Fig.4 Maximum, medial and minimum strain (¢) at the anterior and
posterior superficial medial collateral ligament (SMCL), measured at
the level of the knee joint gap. Investigated at 0° knee extension and

anterior* posterior*

anterior* posterior* | anterior* posterior* |anterior* posterior*

0° 5° 10°

Open Wedge Osteotomy Angle in °

at 30° knee flexion with open wedge osteotomy angles of 0°, 5° and
10° (n=6; *p<0.05)
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Lateral Medial

Anterior Anterior

Intact
sMCL

Posterior Posterior

Anterior Anterior

Posterior

Posterior

Fig.5 Examples of Tekscan measurements at the lateral and medial
joint compartments of a left knee in extension position and at 10°
osteotomy angle before (upper line) and after (lower line) release of
the superficial medial collateral ligament (sMCL)

Influence of sMCL release on lateral and medial CP
andCP, .,
In knee extension, the release of the sSsMCL resulted in a
decrease in the lateral CP of 0.24 MPa (Table 3; p=0.028).
SMCL release had no effect the lateral CP at 5° OWHTO
angle, but lateral CP statistically increased by 0.15 MPa
(»p=0.046) at a 10° OWHTO angle. In knee extension, the
sMCL release resulted in a significant medial CP decrease
of 0.13 MPa (p=0.028). In 30° knee flexion and 5° oste-
otomy angle, the lateral CP significantly decreased by
20% (p=0.043) and at 10° osteotomy angle the medial CP
decreased statistically by 17% (p =0.043).

sMCL release decreased the lateral CP,,, by 33% in the
knee extension position and 0° osteotomy angle (p =0.028,
Table 4). At a 5° osteotomy state, no statistical differences
were observed for the lateral or medial CP,,,. In knee exten-
sion and 10° OWHTO angle, the lateral CP,,, increased by
55%, whereas the medial CP,,, was significantly decreased
(25%; p=0.028). At 30° knee flexion medial CP_,, was
significantly decreased at an OWHTO angle of 0° by 33%
(p=0.028) and at 10° OWHTO angle by 21% (p =0.027).
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Discussion

The most important finding of the present finding was that
only after a release of the complete SMCL the desired lat-
eralization of the tibiofemoral load was possible after an
OWHTO. In other words, from a biomechanical view it is
mandatory to release the SMCL to relief the medial joint
compartment after OWHTO.

The study design presented here was appropriate to
respond to the previously defined hypotheses: Hypothesis
(I) was corroborated. Hypothesis (II) was partially corrobo-
rated and hypotheses (III), (IV) and (V) were disproved.
With regard to the proposed hypotheses, there were four
main findings in this biomechanical study: First, an increase
of the osteotomy angle from 0° to 10° led to an increased
anterior and posterior SMCL both in knee extension and 30°
knee flexion. Second, the affected CA changed with increas-
ing osteotomy angle and after release of the SsMCL. Third,
the CP decreased tendentially at the medial compartment
after sMCL release. Fourth, the medial CP,,, was mainly
impacted after sMCL dissection at a 10° osteotomy angle,
while the lateral CP, underwent a directional change
from a decrease in the native state, being consistent at a 5°
OWHTO angle to an increase at the 10° state after SMCL
dissection (Fig. 5).

Various clinical studies have confirmed the validity and
effectiveness of the OWHTO for the treatment of varus
gonarthrosis, reporting good to excellent outcomes [6, 10,
17].

On the other hand, there are only a few biomechanical
studies investigating the impact of an OWHTO on the tibi-
ofemoral CP and the strains acting in the MCL. Agneskircher
et al. [1] demonstrated an increase of the tibiofemoral CP
with increasing strains in the MCL. The authors concluded
from their results, that an OWHTO without releasing the
MCL might lead to a re-pressurization of the medial tibial
plateau, thus preventing the desired lateralisation of the
mechanical axis. In the present study, we similarly failed to
find a decrease of the medial CP by OWHTO without MCL
release, confirming Agneskircher et al.

Regarding MCL strains, there are only a few publications
in the literature. Victor et al. [28] investigated the isometry
of different knee ligaments during knee flexion. The MCL
displayed isometric behaviour between knee extension and
a knee flexion of 120°, revealing strains ranging from 0 to
2%. Arms et al. [3] found a mean MCL strain increase of up
to 2% when applying a 15 N m external valgus moment at
different knee flexion positions. Twenty years later, Gardiner
et al. [8] performed a kinematic analysis using cadaveric
knees, where they applied an external valgus load of 10 N m
and detected a maximum MCL strain at the posterior femo-
ral attachment of up to 7.4%. Furthermore, there is evidence
that the long part of the sMCL appears to be the main part of
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Table2 Contact area (CA) in mm? at the lateral and medial knee joint compartment during 1000 N before and after release of the superficial
medial collateral ligament (sMCL), investigated at 0° and 30° knee flexion and at osteotomy angles of 0°, 5° and 10° (n=6; *p <0.05)

0° knee extension

30° knee flexion

CA lateral compartment®,

median (min-max), mm? (min-max), mm?

CA medial compartment, median

CA lateral compartment*,
median (min-max), mm?>

CA medial compartment, median
(min—max), mm>

Intact sMCL Released sMCL Intact sMCL

Released sMCL Intact sMCL

Released sMCL Intact sMCL Released sMCL

0°  406% (345-562) 309%* (177-427) 546% (476-669) 467* (394-506)
555% (376-661) 483* (352-595)
580+ (321-683) 421* (327-616)

5° 371 (119-542)
10° 321 (129-550)

371 (298-462)
354 (290-418)

466 (271-525)
432 (250-479)
370 (210-455)

387 (244-469)
351 (281-509)
395 (269-466)

506% (297-702) 450% (287-577)
493* (322-802) 450% (337-724)
509% (479-832) 439% (411-734)

Table 3 Mean contact pressure (CP) in MPa at the lateral and medial knee joint compartment during 1000 N before and after release of the
superficial medial collateral ligament (SMCL), investigated at 0° and 30° knee flexion and at osteotomy angles of 0°, 5° and 10° (n=6; *p <0.05)

0° knee extension

30° knee flexion

CP lateral compartment, median

(min-max), MPa (min-max), MPa

CP medial compartment, median

CP lateral compartment*,
median (min—-max), MPa

CP medial compartment, median
(min—-max), MPa

Intact sMCL Released Intact sMCL Released Intact sMCL Released Intact sMCL Released sMCL
sMCL sMCL sMCL

0°  0.67* (0.37— 0.43* (0.26- 0.91 (0.73— 0.88 (0.73— 0.57 (0.38— 0.52 (0.29- 1.02 (0.79- 0.90 (0.74-1.19)
1.08) 0.66) 1.40) 1.23) 0.97) 0.71) 1.26)

5°  0.53(0.23- 0.56 (0.35— 1.02 (0.63— 0.86 (0.69— 0.54* (0.33- 0.45% (0.25- 1.01 (0.80- 0.90 (0.79-1.13)
0.85) 0.89) 1.45) 1.22) 1.06) 0.86) 1.32)

10° 0.42%* (0.23- 0.57* (0.41- 1.05%* (0.88- 0.92%* (0.55- 0.35 (0.25- 0.44 (0.28- 1.01%* (0.74- 0.86%* (0.74—
0.48) 0.92) 1.94) 1.26) 0.63) 0.95) 1.73) 1.19)

Table4 Maximum contact pressure (CP,,) in MPa at the lateral
and medial knee joint compartment during 1000 N before and after
release of the superficial medial collateral ligament (SMCL), investi-

gated at 0° and 30° knee flexion and at osteotomy angles of 0°, 5° and
10° (n=6; *p<0.05)

0° knee extension

30° knee flexion

CP,.« lateral compartment*, CP
median (min-max), MPa

' nax Mmedial compartment,
median (min—max), MPa

CP,,.x lateral compartment™, CP,,,x medial compartment,
median (min-max), MPa median (min-max), MPa

Intact SMCL Released Intact sMCL Released Intact sMCL Released Intact SMCL Released sMCL
sMCL sMCL sMCL

0°  2.15%(1.39- 1.43* (0.85— 1.67 (1.38- 2.16 (1.06— 1.69 (0.76— 1.31 (1.06— 2.69% (1.42— 2.03* (1.26—
6.46) 1.99) 4.14) 4.05) 2.96) 3.12) 3.81) 2.79)

5°  1.91(0.33- 1.61 (0.89— 1.83 (1.36— 1.97 (1.38- 1.38 (0.62— 1.34 (0.78- 2.32 (1.42- 2.12 (1.26-5.04)
2.62) 2.54) 4.00) 4.06) 2.49) 1.88) 3.05)

10° 1.18 (0.87- 1.83 (1.37- 2.50%* (1.98- 2.10* (1.13- 1.23 (0.73—- 1.27 (0.70- 2.68% (1.66— 2.22% (1.26—
2.18) 3.47) 8.45) 5.89) 1.67) 4.37) 9.18) 2.56)

the MCL resisting against valgus moments [22]: Robinson
et al. found an increase from 3° to 9° of valgus laxity when
dissecting the sSMCL. By contrast, a tenotomy of the deep
MCL did not result in greater valgus laxity. In conclusion,
the authors stated that an undifferentiated MCL dissection
might lead to an undesired increase of knee laxity. Our strain
measurements showed a significant strain increase of both
the anterior and posterior parts of the sMCL of +3.8% and
+3.7% in knee extension and of +4.7% and +4.4% in 30°
knee flexion, respectively, when spreading the osteotomy

angle to 10°. This increase is less than those reported when
applying a valgus moment of 10-15 N m [3, 8]. LaPrade
et al. [12] investigated the impact of an OWHTO interven-
tion on the posterolateral stability of the knee joint in a con-
trolled laboratory study. They applied an external rotation
moment and measured significantly greater forces at the
MCL after a 10° OWHTO compared to the intact joint. The
authors concluded that the MCL strain increase resulting
after OWHTO might lead to reduced varus translation and
an increased external rotation stability, finally leading to a
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higher knee joint stability, which might be reasonable to
treat posterolateral instability. The strains reported in the
LaPrade study [12] are in accordance with the findings of
the current study.

However, in addition to the described possible improve-
ment in knee joint stability, the proven strain increase of
the sMCL after OWHTO might also lead to an undesired
increased tibiofemoral joint pressure at the medial compart-
ment. Riegger-Krugh et al. [21] were the first to compare
knee joint pressures when applying external varus and val-
gus loads and combined closing-wedge osteotomy. One of
their main findings was, that under an external varus load
a 5° closing-wedge osteotomy did not reduce the loads at
the medial knee compartment. However, not only did they
use Fuji pressure measurement film to assess the tibiofem-
oral loads, which is known to allow only single pressure
measurements, their loading apparatus did not provide six
degrees of freedom. Therefore, by not preventing knee joint
constraints, they may have loaded the knee in an unphysi-
ological manner. Ogden et al. [18] compared the tibiofemo-
ral load distribution occurring after closing- and open-wedge
osteotomy procedures. They released the MCL when per-
forming the OWHTO procedure. Both techniques resulted
in a decrease in the medial CP. However, at a 5° angle, the
closing-wedge techniques resulted in a significantly better
unloading of the medial compartment. Comparisons after
10° osteotomy angle resulted in no difference between both
techniques. The results of the present study with an open-
wedge procedure indicate that only a release of the sMCL
leads to the desired lateralisation of the mechanical axis
and, therefore, to the pressure reduction at the medial joint
compartment. After 5° and 10° OWHTO and under 1000 N
axial load, we observed an increase of the CP,, (and CP) at
the medial compartment in single cases of up to 204% (CP
39%) in knee extension and up to 241% (CP 37%) in 30°
knee flexion. The CA was also increased after 10° OWHTO
by 19% in 30° knee flexion. Only sMCL dissection resulted
in the desired reduction of the medial compartment pres-
sure (Tables 3 and 4), indicating a successful shifting of the
mechanical axis to the lateral joint compartment. There was
also a significant decrease of the medial CA after sMCL
release of 40% and 16% in knee extension and 30° flexion,
respectively. In contrast to our hypotheses, the measure-
ments at the lateral joint compartment with a 10° OWHTO
angle in knee extension (30° knee flexion) registered a 37%
(39%) lower CP and a 45% (27%) lower CP,,,,. These were
confirmed by the results of the CA measurements, where
when comparing the intact and the 10° OWHTO states the
lateral CA was decreased by 21% in knee extension and by
27% in 30° knee flexion. In summary, the results of our bio-
mechanical study suggest that OWHTO is only successful
when combined with a release of the sMCL. Without such a
release, the outcome is exactly the opposite to the expected
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result, indicating an increase of the medial tibiofemoral
pressure.

Our findings confirm those of Agneskircher et al. [1], who
used a similar test setup to investigate the tibiofemoral CP
after an OWHTO procedure. Accordingly, they found with
intact MCL and under an axial load of 1000 N after OWHTO
higher CPs at the medial compared to the lateral compart-
ment. Agneskircher et al. assumed that this pressure increase
on the medial compartment is associated with the elevation
of the medial aspect of the tibial plateau. Furthermore, they
concluded that because of the intraligamentary osteotomy,
the tibia becomes more constrained. These assumptions are
now confirmed by our investigations, showing an increase in
the sSMCL strain resulting in an undesired re-loading of the
medial compartment of the tibia. The results of Mina et al.
[16] also confirmed the suspected influence of the MCL ten-
sion on the intraarticular load distribution. The authors per-
formed a high tibial osteotomy 2 cm distal to the Tuberositas
tibiae, which is distal to the MCL insertion. In contrast to an
intraligamentary bone cut without dissection of the MCL,
their results showed a complete unloading of the medial joint
compartment at an osteotomy angle of 6°-~10° under an axial
load of 200 N. Furthermore, at an OWHTO angle of 0°—4°,
they detected a homogeneously distributed CP at the lateral
and medial joint compartments.

The present study has some limitations, particularly with
regard to daily clinical practice. One is the lack of physi-
ological muscle force simulation, which might lead to higher
tibiofemoral pressure. Because of the setup used, we assume
that the knee was able to perform an adequate self-posi-
tioning with little or negligible constraints influencing the
results under a pure axial load of 1000 N. This was also
improved by maintaining several degrees of freedom during
the repeated loading. However, we assume that the general
trends both for the SMCL strain and the tibiofemoral CPs
would be similar when the axial load would be increased to
2.5 xbody weight, as seen during level walking [11]. The
use of Tekscan pressure sensors for in vitro human knee joint
analyses has been previously reported for the patellofemo-
ral [26] and tibiofemoral joints [1, 5, 27]. The submeniscal
placement of the sensors requires windowing of the menis-
cotibial coronary ligaments. In a study investigating different
fixation techniques of meniscal allografts [2], it was shown
that this dissection did not affect the tibiofemoral contact.
DVRTs have been used in vitro to determine MCL strains
[4, 15]. However, limitations were reported because of the
restricted local measurement and their sensitivity to inter-
ference from surrounding tissue. By locally placing them
at the anterior and posterior SsMCL, we hoped to gain addi-
tional information on the influence of an OWHTO on altered
load transmission by tensioning of the sMCL rather than
assessing the complex strain distribution in the ligament.
The DVRTs were directly anchored on the sMCL, thereby
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preventing the surrounding soft tissues from falsifying the
measurements.

To transfer the results of this biomechanical study to the
clinical day-to-day practice, it is necessary to factor in the
individual ligamentous laxity of each patient into the treat-
ment options. In particular, for patients suffering from ante-
rior cruciate ligament insufficiency, the MCL is the most
important anterior stabiliser of the knee [24]. In the presence
of posterolateral instability, LaPrade et al. [12] indicated
an OWHTO as a possible surgical treatment to improve
the knee joint rotational stability [12, 19]. In both cases, a
dissection of the MCL might lead to an increasing valgus
instability of the knee and is, therefore, not recommended.

Therefore, prior to a release of the sSMCL during OWHTO
surgery, the intraligamentary situation of each patient
requires assessment [20]. Particularly in patients with dis-
tinct knee ligament laxity or medial ligamentary instability,
the MCL release should be performed with care.

Conclusions

The results of the present study corroborate the hypothesis
of Agneskircher et al. [1], that a OWHTO without sMCL
release does not lead to the desired lateralisation of the
mechanical axis of the lower limb with the aim of reliev-
ing the pressure on the medial tibial plateau. Furthermore,
the present study extends the findings to a knee flexion of
30° and adds information about the strains occurring in the
sMCL at the clinically relevant OWHTO angles of 5° and
10°. Regarding these strains, we, in particular, investigated
the 10° osteotomy state, where the sMCL strains were dif-
ferent in the anterior and posterior parts the more the knee
was flexed. However, this is only hypothetical and needs
to be further investigated in future studies. In conclusion,
the results of the present study implicate that OWHTO is
most effective in reducing medial CP when spreading the
osteotomy to 10° with concomitant release of the SsMCL.
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