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neutralized this intended beneficial effect. In the ankle, 
external rotation of the distal tibia also caused a reduction 
in contact pressures and tibiotalar contact area.
Conclusion  Malrotation of the distal tibial fragment 
negates the intended effect of offloading the diseased com-
partment of the knee, with the contact pressures remaining 
similar to those of the native knee. Furthermore, malrota-
tion leads to abnormal ankle contact pressures. Care should 
be taken to ensure appropriate rotational alignment of the 
distal tibial segment during intraoperative fixation of HTO 
procedures.

Keywords  High tibial osteotomy (HTO) · Osteoarthritis · 
Biomechanics · Contact pressures

Introduction

Opening-wedge high tibial osteotomy (HTO) is commonly 
used for the surgical treatment of moderate osteoarthri-
tis (OA) of the medial compartment of the knee. Numer-
ous studies have documented the effects of HTO on the 
biomechanics of the knee [1, 2, 4, 5, 7, 8, 10, 19, 21–23, 
27]. It has been shown that medial compartment pressures 
decrease with progressive increase in the valgus alignment 
of the leg, leading to improved pain and function [1, 16, 
18].

Published techniques for medial opening-wedge HTO 
recommend leaving the lateral cortex intact, so as to pro-
vide rotational stability for the construct [13, 14]. However, 
intraoperative lateral cortex fractures may still occur in 
about 25 % of cases, and the stability of the construct may 
be compromised [3, 9, 15, 17, 24, 26]. Previous research 
has shown that tibial malrotation affects the distribution of 
loads within the knee [28]. However, the effect that distal 
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Purpose  Intraoperative fracture of the lateral cortex frac-
tures of the tibia is a potential complication of high tibial 
osteotomy (HTO), which may result in inadequate rota-
tional alignment of the distal tibia. Our aim was to deter-
mine how rotational malalignment of the distal tibial seg-
ment distal would affect intraarticular contact pressure 
distribution in the knee and ankle joints.
Methods  A medial, L-shaped opening-wedge HTO was 
performed on seven human lower body specimens. A stain-
less steel device with integrated load cell was used to axi-
ally load the leg. Pressure-sensitive sensors were used to 
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computer navigation. Measurements were performed in 
the native knee alignment, after 10° and 15° of alignment 
correction and with the distal tibia fixed at 15° of external 
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tibial malrotation during HTO might have on knee and 
ankle pressures has not been previously studied.

The aim of this experiment was to evaluate how rota-
tional malalignment of the tibial segment distal to the oste-
otomy site would affect intraarticular contact pressure dis-
tribution in the knee and ankle joints. We hypothesized that 
distal tibial malrotation would result in changes in the mag-
nitude of the contact forces and of the contact area in both 
the knee and the ankle.

Materials and methods

Eight whole-body human cadaveric specimens were pro-
cured. Specimens were included if their ages were between 
40 and 65  years. Our exclusion criteria were as follows: 
traumatic lower limb malalignment; absence of the anterior 
cruciate ligament (ACL); articular cartilage defects; signs 
of osteoarthritic changes; and meniscal injury. One speci-
men was discarded due to having an absent ACL and grade 
III osteoarthritis, leaving seven specimens available for 
testing. Specimens were fully thawed at room temperature 
prior to surgery.

Specimens were placed supine on an operating table. 
A medial parapatellar arthrotomy was first performed on 
all specimens to explore the intraarticular knee space and 
assesses for ligamental or cartilaginous damage. Through 
a medial approach, the superficial fibres of the medial 
collateral ligament were released and a medial, L-shaped 
opening-wedge HTO was performed using the technique 
described by Lobenhoffer and Agneskirchner [6, 13, 14]. 
With the aid of fluoroscopy, two 2.5-mm Kirschner wires 
were inserted 5  cm distal to the joint line, starting proxi-
mal to the pes anserinus and extending to the level of the 
tip of the fibula at the lateral cortex. An oblique osteotomy 
was performed in the posterior two-thirds of the medial 
aspect of the tibia distal to the Kirschner wires and parallel 
to the tibial slope, carefully leaving intact a 10-mm lateral 
bone bridge. A second osteotomy was started in the ante-
rior one-third of the tibia at an angle of 135°, leaving the 
tibial tuberosity intact. Osteotomes were carefully inserted 
and used to open the osteotomy up to the desired angle. An 
external fixator was used to secure the open-wedge oste-
otomy during testing at each step of alignment correction 
(10° and 15°) and of distal tibial rotation (0° and 15°).

Leg alignment changes were tracked and recorded in 
real time using a computer navigation system (Vector 
Vision, BrainLAB, Munich, Germany). Minimally inva-
sive reference arrays were attached to the femoral and tibial 
shafts. An isocentric mobile C-arm with 3D imaging capa-
bility (Siremobil ISO-C 3D, Siemens, Germany) was used 
to scan the knee joint. The imaging dataset was transferred 
to the navigation system, and registration was performed. 

The combination of the acquired 3D imaging and com-
puter navigation data allows for real-time monitoring of 
the mechanical axis. Hence, we were able to follow intra-
operative changes in alignment live through a computer 
interface.

To further monitor and confirm mechanical alignment 
changes after increasing the medial tibial opening, we 
placed a lead-impregnated axis board underneath the leg 
[12]. The long axis was situated through both the centre of 
the femoral head and the centre of the talus. Correct posi-
tioning was confirmed using fluoroscopy. Once the board 
was in place, subsequent fluoroscopic images were used 
to identify the location of the mechanical axis in relation 
to the centre of the knee joint and to quantify alignment 
changes by measuring the angle between the mechanical 
axis line and the tibial plafond outline.

A previously developed stainless steel device was used 
to axially load the leg [11]. The loading device was attached 
to the pelvis using Schanz screws, and the foot was secured 
to a distal plate. The set-up allows for axial loading with 
the knee in full extension. An integrated load cell was used 
to track in real time the applied load and torque.

Pressure-sensitive sensors (K-Scan 4000, Tekscan, 
South Boston, MA, USA) were used to collect intraarticu-
lar contact pressures. These sensors are 0.1 mm thin, and 
its pressure-sensitive area contains 62 sensels/cm2. They 
are placed inside the joint, covering the articular surface. 
The opposite end is inserted into a handle designed to read 
the data being collected during testing.

Baseline measurements were taken for each leg in its 
native alignment. An axial loading force was applied to the 
leg in the caudal–cranial direction and gradually ramped up 
from 0 to 550 N [25]. Intraarticular contact pressure (kg) 
and contact area (mm2) data were measured and collected 
in real time.

The study was approved by the Ethics Commission of 
the Hannover Medical School with the number 1199-2011.

Statistical analysis

Stata/SE 12.1 (StataCorp LP, College Station, TX, USA) 
was used for all analyses. An a priori sample size calcu-
lation showed that testing at least six specimens would be 
necessary to ensure 0.80 power. Multiple linear regression 
models were constructed to estimate changes in contact 
pressure and contact surface area in the medial and lateral 
compartments of the knee and in the ankle, in response to 
10° and 15° changes in mechanical alignment and to 15° 
of distal tibial rotation. The following variables were also 
measured in real time during testing and were included 
as covariates in our models: side; force (axial, horizontal 
and vertical); torque (axial, horizontal and vertical); and 
changes in knee alignment (varus and valgus; ante- and 
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retrocurvature; and axial angle). For all tests, α was set to 
0.05. Results are presented as mean and 95 % confidence 
interval (95  % CI), or as percentage change, wherever 
appropriate.

Results

Tables 1 and 2 summarize the results for the knee and the 
ankle, respectively.

Moderate-to-large alignment changes after medial open-
ing-wedge HTO resulted in a significant shift in intraarticu-
lar contact pressures from the medial compartment of the 
knee towards the lateral compartment (pressure ratio: 1.9; 
P < 0.05). However, fixation of the distal tibial segment at 
15° of external rotation neutralized this intended benefi-
cial effect (pressure ratio: 1.1; P  <  0.05) (Figs.  1a, b, 2). 
A significant increase in tibiofemoral contact area was also 
observed in the medial compartment (P < 0.05) (Fig. 3a, b).

In the ankle, external rotation of the distal tibia caused a 
significant reduction in contact pressures (Fig. 4) and tibio-
talar contact area (Fig. 5) (P < 0.05).

Discussion

The most important finding of this study was that fixa-
tion of the distal tibial fragment in rotational malalign-
ment negated the intended beneficial effect of offload-
ing the medial compartment in opening-wedge medial 

HTO. Additionally, we found that malrotation of the 
distal tibial led to abnormal load distribution in the 
ankle joint.

Table 2   Intraarticular pressures 
and contact area in the ankle 
after valgus realignment of the 
proximal tibia

Distal tibial rotation resulted 
in a further reduction in the 
contact pressures and contact 
area within the ankle joint

Alignment 
change

Ankle

Mean pressure  
(N/mm2)

95 % CI % change P value  
(from native)

P value 
(pairwise)

Native 2623.3 2509.2–2737.4 – –

10°

 Neutral 2055.7 1977.3–2134.2 −21.6 <0.0001 <0.0001

 15° rotation 1694.4 1620.8–1767.9 −35.4 <0.0001

15°

 Neutral 1873.8 1781.2–1966.4 −28.6 <0.0001 0.003

 15° rotation 1623.4 1541.3–1705.5 −38.1 <0.0001

Alignment 
change

Mean contact  
area (mm2)

95 % CI % change P value  
(from native)

P value 
(pairwise)

Native 3.5 3.5–3.6 – –

10°

 Neutral 2.8 2.7–2.8 −21.3 <0.0001 <0.0001

 15° rotation 2.4 2.4–2.5 −31.2 <0.0001

15°

 Neutral 2.6 2.5–2.6 −27.7 <0.0001 <0.0001

 15° rotation 2.1 2.0–2.1 −40.7 <0.0001
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(b)

Fig. 1   Valgus changes in proximal tibial alignment resulted in 
increased contact pressures in the lateral compartment of the knee 
(a) and decreased pressures in the medial compartment (b). However, 
malrotation of the distal tibial segment negated these intended benefi-
cial effects
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Valgus realignment of the leg through a medial open-
ing-wedge HTO is advocated for the treatment of isolated 
medial compartment OA of the knee. While highly success-
ful, certain complications have been reported, including 
intra- and post-operative lateral cortex fractures [15, 17, 24, 

Fig. 2   Visualization of the changes in intraarticular knee pressures 
in a single specimen as a function of alignment correction and dis-
tal tibial rotation. Alignment correction successfully shifted the load 
towards the lateral compartment. On the other hand, malrotation of 
the distal tibial segment led to increased pressures in the medial com-
partment
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Fig. 3   While distal tibial rotation did not significantly affect the tibi-
ofemoral contact area in the lateral compartment (a), it did signifi-
cantly increase the contact area in the medial compartment (b)
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Fig. 4   Valgus changes in proximal tibial alignment resulted in 
decreased contact pressures in the ankle. A further reduction in tibi-
otalar contact pressures was observed with malrotation of the distal 
tibial segment
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Fig. 5   Distal tibial rotation resulted in a significant decrease in con-
tact area in the ankle
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26]. Published techniques for medial opening-wedge HTO 
recommend leaving at least 1 cm of intact lateral cortex to 
maintain rotational control of the construct [13, 14]. Han 
et al. [9] determined that aiming the plane of the osteotomy 
towards a safe zone located between the tip of the fibular 
head and the circumference line of the fibular head reduced 
the risk of lateral cortex fractures. Akamatsu et  al. [3] 
showed that navigation could help reduce undercorrection 
in cases of lateral cortex fractures. The type of implant used 
can also affect the post-operative stability of the construct, 
with plate fixation leading to better stability compared to 
spacer plates [20].

However, despite improvements in HTO technique, 
intraoperative fractures of the lateral cortex still occur. 
After analysing a series of 104 HTOs, Takeuchi et al. [24] 
reported a 25 % incidence of lateral cortex fractures. More 
recently, Martin et  al. [15] reported 20  % of undisplaced 
lateral cortical breaches and 6  % lateral hinge fractures 
in a series of 323 cases. When the lateral cortical hinge 
becomes compromised, intraoperative control over the 
construct may become difficult, oftentimes leading to post-
operative varus malalignment [26].

This study has several potential limitations. Since the 
current set-up does not allow for testing in knee flexion 
or to simulate dynamic in vivo joint movements, we only 
tested the specimens in biostatic axial loading conditions. 
Due to the lack of in vivo muscular forces simulation, we 
cannot determine the exact role of some musculotendinous 
structures in the load distribution of the ankle joint. It is 
possible that the action of the Achilles tendon in particu-
lar could affect the distribution of forces within the ankle. 
Additionally, the 10°–15° correction applied in this study 
may not represent routine clinical practice and that it has 
the potential drawback of over- or undercorrecting individ-
ual specimens. However, we believe that this standardized 
approach is valuable and that the aim of the study of com-
paring non-rotated to malrotated states was successfully 
achieved, especially considering that each specimen essen-
tially served as their own control. The estimation models 
used in this study take into account the alignment of each 
specimen, therefore reducing their potentially confounding 
effect.

Conclusion

Malrotation of the distal tibial fragment negates the 
intended effect of offloading the diseased compartment of 
the knee, with the contact pressures remaining similar to 
those of the native knee. Furthermore, malrotation leads to 
abnormal ankle contact pressures. Care should be taken to 
ensure appropriate rotational alignment of the distal tibial 
segment during intraoperative fixation of HTO procedures.
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