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Abstract 

Background  The ascending or descending extended biplanar tibial cut in open wedge high tibial osteotomy 
(owHTO) not only changes the lower limb anatomy in the coronal plane but also leads to different three-dimensional 
(3D) changes in the patellofemoral joint. This study aimed to perform a comprehensive analysis of the dynamic bio-
mechanical changes in the knee joint using a multibody simulation model.

Methods  Thirteen 3D computer models derived from lower limb computer tomography scans were used for owHTO. 
Osteotomies with ascending or descending biplanar cut were simulated for each wedge height from 6 to 12 mm (in 
1-mm intervals). Multibody simulation was used to analyze differences in patellar shift, patellar tilt, mediolateral patel-
lar rotation, and tibiofemoral rotation during a squat simulation from 5° to 100° knee flexion.

Results  The main effects of an ascending compared with a descending extended biplanar cut in owHTO were 
characterized by an increase in lateralization of the patella and rotation, along with reduced tilt. Linear mixed models 
revealed statistically significant effects of both wedge height and cut variant on knee kinematics at 100° knee flexion, 
with the influence of the cut variant (ascending/descending) being higher on all analyzed kinematic parameters.

Conclusions  Significant differences in the changes in patellofemoral shift, tilt, rotation, and tibiofemoral rotation 
were observed when performing owHTO with an ascending versus a descending biplanar cut. Apart from tibiofemo-
ral rotation, the resulting kinematic changes were greater with an ascending cut.
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Introduction
Medial open-wedge high tibial osteotomy (owHTO) is a 
treatment option for varus knee osteoarthritis to avoid or 
at least delay total knee arthroplasty (TKA). This surgical 
intervention effectively redistributes the weight-bearing 
load from the medial to the lateral compartment of the 
knee joint [1, 5, 20, 22, 24, 27]. To enhance postoperative 
stability, surgeons routinely employ a biplanar osteotomy 
cut that can be extended either ascending or descending 
[9, 21, 25].

Notably, the ascending cut, which preserves the tibial 
tuberosity in the distal fragment, causes substantial alter-
ations in the patellofemoral anatomy. It linearly increases 
the distance between the tibial tuberosity and the troch-
lea groove (TT–TG) with the extent of coronal correction 
[12]. Moreover, an ascending cut significantly reduces 
patellar height [26]. These changes associated with the 
ascending cut may contribute to the development of 
patellofemoral osteoarthritis (OA) and could potentially 
play a role in the occurrence of anterior knee pain follow-
ing owHTO [13, 15, 16, 37].

Therefore, patients with degenerative changes in the 
patellofemoral joint may benefit from owHTO with a 
descending osteotomy cut. Studies have shown that 
patellar height remains unchanged and retropatellar 
pressure does not increase when a descending cut is per-
formed [9, 17, 35].

Despite existing studies highlighting the effects of dif-
ferent biplanar cuts, a comprehensive understanding 
of dynamic biomechanical changes following biplanar 
owHTO is lacking. The objective of this study was to con-
duct a comprehensive analysis of the effects of an ascend-
ing versus descending extended tibial osteotomy on the 
dynamic biomechanics of the knee joint during a squat 
using a multibody simulation model. It was hypothesized 
that patellar shift, patellar tilt, mediolateral patellar rota-
tion, and tibiofemoral rotation were more significantly 
affected by an ascending compared with a descending 
biplanar cut after owHTO.

Materials and methods
Cadaver data and 3D surface model
Previously acquired post mortem CT scans (stand-
ardized CT parameters, 1.25  mm slice thickness (GE 
HD750 CT (GE Healthcare, Chicago, IL, USA)) of 13 
lower limbs were used to generate 3D surface models. 
Physiologically homogeneous data points were selected 
to test the hypothesis before pronounced deformities 
and more variable coronal alignments could be inves-
tigated. Exclusion criteria included advanced osteo-
arthritis of the hip and knee joints, joint replacement 
of the lower extremities, fractures or radiographic 

evidence of previous surgery. All patients were not 
older than 50 years. Ethical approval (no. 24–0099) for 
the use of the cadaver models was obtained according 
to the regulations from the institutional review board. 
Steps of surface model creation and osteotomy execu-
tion were based on previously published studies [7, 14]. 
Mimics 14.0 (Materialize, Leuven, Belgium) was used 
for segmentation. Models were imported into Geo-
magic Studio 2014 (3D Systems, Morrisville, NC, USA), 
and anatomic landmarks were set, then used to adjust 
lower limbs in the coordinate system. A strictly medial 
osteotomy was made parallel to the medial tibial slope. 
The starting point for the cut was determined after 
measuring the width of the tibial plateau with half of it 
below the tibial plateau. The owHTO was performed by 
using a lateral sagittal hinge axis 1.5 cm below the tibial 
plateau. The biplanar ascending or descending cut was 
added in coronal plane, 10 mm behind the tibial tuber-
osity, and ended accordingly cranially or distally near 
the tuberosity (Fig. 1).

For the ascending biplanar cut models, the resulting 
distal shift of the patella was approximated by fixing 
the position in the trochlear ridge in anterior–posterior 
(sagittal) and medial–lateral (transversal) direction, and 
the longitudinal axis (proximal–distal direction) was 
adjusted to maintain the same patellar tendon length in 
the preoperative and the postoperative models. Visuali-
zations of this method can be found both in a study by 
Schroeder et  al. and below in Fig. 2 [30]. The owHTO 
was performed at increments of 1  mm from wedge 
height of 6  mm to 12  mm. This resulted in a total of 
13 preoperative models and 182 osteotomy models (91 
with an ascending and 91 with a descending extended 
cut).

Fig. 1  Illustration of the ascending (A) and descending (B) biplanar 
cut at owHTO (designed with Blender, Blender Foundation, 
Amsterdam, Netherlands); owHTO = medial open-wedge high tibial 
osteotomy
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Multibody simulation
Using the AnyBody Modeling System™ (Anybody 
Technology A/S, Aalborg, Denmark), a multibody 
simulation of the native knee was performed [2]. The 
patient-specific native knee joint model was derived 
from an existing, validated total TKA model [2]. Osse-
ous structures, major extensor (musculus quadriceps 
femoris) and flexor muscles of the knee (musculus 
biceps femoris and musculus semimembranosus), and 
ligamentous structures including collateral and cruci-
ate ligaments were all included in the model. A sepa-
rate biomechanical analysis was performed for each 
owHTO model, simulating knee flexion from 5° to 100°. 
This range of motion was selected owing to the instabil-
ity of the models at full extension and in late flexion. 
Our simulation focuses on clinical application and is 
therefore limited by available input data (segmented CT 
imaging). Consequently, structures that require addi-
tional imaging and segmentation, such as the menisci, 
are neglected. We accepted this limitation, which may 
have led to the observed stability reduction, especially 
in early flexion.

To define an external force in the simulation model, 
the patient’s body weight was estimated by the size of 
the femoral head according to the calculation of Ruff 
et  al. [28]. The endpoints analyzed in this study were 
the comparisons of ascending and descending cuts 
regarding mediolateral shift, tilt, and rotation of the 
patella (Fig. 3). External and internal tibiofemoral rota-
tions were also examined.

Statistical analysis
MATLAB (The MathWorks, Inc, Natick, MA, USA) was 
used for statistical analysis. With each model, a squat 
simulation was performed and the kinematic effect at 
each degree of knee flexion was assessed, generating 
18,720 data points in total. The root-mean-square error 
(RMSE) was calculated for all wedge heights. The nor-
mal distribution was investigated by visual evaluation of 
the simulation data at 100° knee flexion using quantile–
quantile plots. t-Tests were performed to evaluate the 
differences in mean kinematic parameter values at 100° 
of knee flexion. Mixed models were also used to evaluate 
the impact of owHTO wedge height and the ascending 
versus the descending cut variant on knee kinematics at 
different flexion angles.

Results
For a better understanding of the alignment, TT–TG, 
Insall–Salvati index, and hip–knee–ankle (HKA) angle, 
which were also part of a previous study, are shown in 
Table  1 [30]. Changes in the TT–TG and Insall–Salvati 
index only occurred with an ascending biplanar cut. 
HKA modification was independent of the biplanar cut.

The analysis found predominantly consistent trends 
regarding the kinematic effects of the ascending com-
pared with the descending cut. However, the magnitude 
of the effects differed on an interindividual level. The 
patellofemoral kinematics showed greater changes in 
shift and tilt in owHTO with an ascending extended cut 
compared with a descending extended cut.

Fig. 2  Changes in patellar tendon location and orientation. Resulting changes in patellar height with an osteotomy wedge height of 12 mm 
and ascending biplanar cut for the example case; A = frontal view; B = lateral view [30]
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Regarding the patellar shift in multibody simulation, an 
owHTO of 11 mm with an ascending cut resulted in the 
highest RMSE, ranging from 0.4 mm to 3.9 mm (median 
0.6 mm), compared with the kinematics of the non-oste-
otomy model. With a descending cut, an RMSE ranging 
from 0.1 mm to 0.6 mm (median 0.3 mm) was observed 
in terms of a lateralization of the patella (Fig. 4).

Similar results were observed for patellar tilt. The 
RMSEs for patellar tilt were all below 0.3° (median 0.1°) 
for descending biplanar cut with any wedge height. In 
contrast, the RMSE of patellar tilt for an ascending cut 
ranged from 0° to 3.0° (median 0.4°) at an open wedge 
height of 11  mm. The exemplary curve from the simu-
lation analysis in Fig. 5C shows that the effect on patel-
lar tilt increases with knee flexion. With the descending 
extended, biplanar osteotomy, there was smaller variation 
to non-osteotomy models across all degrees of flexion.

Regarding patellar rotation, owHTO resulted in a 
higher RMSE for the ascending compared with the 
descending biplanar cut. The RMSE for an 11-mm wedge 
height ranged from 0.5° to 1.2° (median 0.8°) for the 
ascending cut and from 0.2° to 0.7° (median 0.5°) for the 
descending cut. These results are shown in Fig.  6A, B. 

Figure 6C, D shows a distinct deviation between ascend-
ing and descending biplanar cuts with respect to lateral 
patellar rotation.

Tibiofemoral external rotation increased during flexion 
as a result of ascending extended osteotomy combined 
with increased osteotomy wedge height. However, this 
effect was stronger when the cut was extended descend-
ing. When performing a biplanar ascending cut with a 
12  mm wedge height, the median RMSE in tibiofemo-
ral rotation during flexion was 2.8° (range 2.2–5.9°). The 
analogous descending cut resulted in a median RMSE 
of 3.5° (range 2.1–5.7°) for tibial external rotation, when 
compared with preoperative values (Fig. 7A, B).

Table 2 compares the mean values for a 12 mm wedge 
height at 100° of knee flexion. P-values indicate a signifi-
cant change compared with the preoperative model.

For all analyzed kinematic parameters, both the wedge 
height and the cut variant were found to be statistically 
significant predictors in linear mixed models for the 
mean kinematic values at 20°, 40°, 60°, and 100° of knee 
flexion (P < 0.01), with the exception of the wedge height 
as predictor for patellar tilt at 40° (P = 0.258) and 60° 
(P = 0.830). For every kinematic parameter considered in 

Fig. 3  Analyzed patellofemoral and tibiofemoral parameters; (+) describes positive values (−) negative values

Table 1  Mean values before and mean changes after owHTO according to the wedge height; standard deviation in brackets; (*) 
Changes in the TT–TG distance and Insall–Salvati index only in case of ascending biplanar cut (table adapted from [30])

owHTO gap 0 mm (mean) 6 mm 7 mm 8 mm 9 mm 10 mm 11 mm 12 mm

TT–TG* axial (mm) 13.6 (± 2.4) 2.1 (± 0.4) 2.4 (± 0.4) 2.8 (± 0.5) 3.2 (± 0.5) 3.6 (± 0.6) 4.1 (± 0.7) 4.5 (± 0.7)

Insall–Salvati index* 0.8 (± 0.1) 0.0 (± 0.0) 0.0 (± 0.0) 0.1 (± 0.0) 0.1 (± 0.0) 0.1 (± 0.0) 0.1 (± 0.0) 0.1 (± 0.0)

HKA (°) 178.1 (± 2.7) 5.2 (± 0.3) 6.1 (± 0.4) 7.0 (± 0.4) 7.9 (± 0.5) 8.8 (± 0.5) 9.7 (± 0.6) 10.7 (± 0.6)
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this study, the model coefficients for the cut variant were 
higher compared with those of the wedge height.

Discussion
This comprehensive biomechanical analysis found that 
an ascending biplanar cut in owHTO yields a more lat-
eralized, less tilted, and more laterally rotated patella 
under knee flexion compared with that after a descend-
ing biplanar osteotomy. Patellofemoral parameters were 
significantly less altered with the descending osteotomy, 
whereas tibiofemoral internal–external rotation was 
lower with the ascending osteotomy.

This study demonstrated the significant changes 
of patellofemoral kinematics with different biplanar 
owHTO techniques. These should be considered in patel-
lofemoral OA and anterior knee pain after owHTO.

Since the publication of the owHTO technique with 
a descending cut by Gaasbeek et  al., numerous studies 

have been published in recent years addressing the pos-
sible causes for anterior knee pain as well as patellofemo-
ral OA [9, 13, 15, 16]. A stronger translation of the tibial 
tuberosity in the lateral direction was also found with 
ascending biplanar cut in owHTO. This led to an increase 
of the TT–TG distance [30], which is expected to result 
in higher patellofemoral contact forces [33]. owHTO 
might alter the TT–TG distance to pathologic values 
(≥ 20 mm), which have been associated with patellar mal-
tracking [32]. Anatomical changes such as TT–TG altera-
tions and kinematic tibiofemoral effects by ascending 
biplanar cut were also demonstrated in a previous study 
[30]. Apart from that, the patellar height was reduced by 
the more distal tibial tuberosity as well as the vectorial 
effective direction of the patellar tendon. Hence, the risk 
for patella baja was increased and may result in patholog-
ical kinematics and loading, which should be considered 
in owHTO [6, 8, 19, 23, 30, 31, 39]. The patellofemoral 

Fig. 4  Impact of simulated owHTO on patellar shift kinematics; boxplots of mean RMSE ranges for comparison of the simulation results 
of the models with an owHTO of 6–12 mm wedge height and example of an individual lower limb model with native knee model (red line) 
and an owHTO of 6–12 mm wedge height (other lines) from 5° to 100°; (A) ascending and (B) descending biplanar owHTO cut RMSE, (C) ascending 
and (D) descending exemplary knee model; owHTO = medial open-wedge high tibial osteotomy, RMSE = root-mean-square error
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contact forces may therefore be increased postoperatively 
by the distal and lateral shift of the tibial tuberosity and 
could thereby cause higher rates of patellofemoral OA 
after ascending owHTO [8, 16, 35].

The present dynamic analysis found a decrease in patel-
lar tilt after owHTO in ascending cut, which additionally 
showed that wedge height and flexion have an impact on 
lateral patellar shift, tilt, and rotation. Gaasbeck et al. also 
found a decrease in lateral patellar tilt with increasing 
ascending owHTO wedge in an in  vitro study [8]. They 
demonstrated more lateral patellar rotation with increas-
ing ascending owHTO wedge, which agrees with the 
results of this study [8].

Since there was no tuberosity translation in descend-
ing biplanar osteotomy, there were only minimal changes 
in the postoperative patellofemoral joint kinematics 
of patellar shift, tilt, and rotation. Consistent with the 

results of previous studies, patellofemoral kinematics 
was less altered and more physiological when performing 
the descending cut [4, 8, 18, 38]. Patella baja and possi-
ble increased retropatellar contact pressures due to kine-
matic changes could thus be avoided thanks to soft tissue 
forces and new leg alignment.

In contrast, tibiofemoral rotation could only be influ-
enced a certain amount by an ascending or descend-
ing osteotomy. In 2014, Stief et  al. described that varus 
malalignment was associated with increased tibiofemo-
ral internal rotation [34]. Likewise, increased external 
rotation could be assumed after valgization caused by 
owHTO. Asseln et  al. showed that a lateralized tibial 
tuberosity led to internal tibial rotation or reduced exter-
nal rotation in flexion [3]. It was assumed that lateraliza-
tion of the tuberosity by musculus quadriceps femoris led 
to increased traction with consecutive internal rotation 

Fig. 5  Impact of simulated owHTO on patellar tilt kinematics; boxplots of mean RMSE ranges for comparison of the simulation results 
of the models with an owHTO of 6–12 mm wedge height and example of an individual lower limb model with native knee model (red line) 
and an owHTO of 6–12 mm wedge height (other lines) from 5° to 100°; (A) ascending and (B) descending biplanar owHTO cut RMSE, ascending (C) 
and descending (D) exemplary knee model
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of the tibia. Accordingly, a descending cut without a 
change in the tuberosity led to greater external tibiofem-
oral rotation by comparison [3].

In clinical studies, it was emphasized that patients with 
OA changes of the patellofemoral joint might profit from 
descending osteotomy biplanar cut in owHTO [10, 11, 
17, 29]. Descending osteotomy might be able to mini-
mize functional constraints in the knee and maintain the 
native patellofemoral joint kinematics.

Limitations
To the authors’ knowledge, this is the first kinematic sim-
ulation study for knee flexion comparing the ascending 
and descending biplanar cut in owHTO. Therefore, the 
results of this study should be verified in biomechanical 
or in vivo follow-up studies. This study comes along with 
limitations that should be considered when analyzing the 

results. High interindividual differences influenced the 
13 knees analyzed. Patients might profit from individual 
biomechanical simulations in preoperative planning, to 
identify an ideal owHTO variant.

The number of cases included here was limited owing 
to the complexity of data preparation and following 
simulations. With greater data gathering and simulation 
capacity, future investigations may be better equipped to 
average out interindividual differences.

Not all the models show severe varus malalignment. 
Since the observed trends are independent of limb align-
ment, it can be assumed that they also apply to varus 
malalignment [36]. This simulation model was modi-
fied on the basis of a previously established model for 
total knee arthroplasty. Validation of this owHTO model 
in  vivo with adequate control of assumed cruciate liga-
ment and collateral ligament elasticity is still pending. 

Fig. 6  Impact of simulated owHTO on mediolateral patellar rotation; boxplots of mean RMSE ranges for comparison of the simulation results 
of the models with an owHTO of 6–12 mm wedge height and example of an individual lower limb model with native knee model (red line) 
and an owHTO of 6–12 mm wedge height (other lines) from 5° to 100°; (A) ascending and (B) descending biplanar owHTO cut RMSE, (C) ascending 
and (D) descending exemplary knee model; owHTO = medial open-wedge high tibial osteotomy, RMSE = root-mean-square error
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Another shortcoming of this study was that the range 
of knee flexion included in the analysis was limited to 
5–100°. This range was set to ensure that all simulation 
studies could be performed and subsequently statistically 
analyzed, since the robustness of the model decreased at 
larger flexion angles.

Conclusions
Significant differences in the changes in patellofemo-
ral shift, tilt, rotation, and tibiofemoral rotation were 
observed when performing owHTO with an ascending 
versus a descending biplanar cut. Apart from tibiofemo-
ral rotation, the resulting kinematic changes were greater 
with an ascending cut.

Abbreviations
CT	� Computed tomography
GE	� General Electric
HTO	� High tibial osteotomy
IL	� Illinois

Fig. 7  Impact of owHTO on simulated tibiofemoral rotation kinematics of an exemplary individual model; red line = before owHTO; other 
lines = owHTO of 6–12 mm wedge height. (A) ascending and (B) descending biplanar owHTO cut RMSE, (C) ascending and (D) descending 
exemplary knee model; owHTO = medial open-wedge high tibial osteotomy, RMSE = root-mean-square error

Table 2  Mean changes after 12 mm owHTO in 100° knee flexion 
depending on ascending or descending biplanar cut

Standard deviation (SD) in brackets; corresponding P-values to native model

Changes after 12 mm owHTO in 100° 
knee flexion depending on biplanar 
cut

Mean and SD P-value

Patellofemoral shift

Ascending 1.2 mm (± 1.8 mm) 0.0286

Descending 0.7 mm ± 0.4 mm)  < 0.001

Patellar tilt

Ascending −0.4° (± 1.3°) 0.2843

Descending −0.3° (± 0.3°) 0.005

Patellar rotation

Ascending 1.5° (± 0.5°)  < 0.001

Descending 1.0° (± 0.3°)  < 0.001

Tibiofemoral rotation

Ascending 7.6° (± 2.9°)  < 0.001

Descending 9.3° (± 2.8°)  < 0.001
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MA	� Massachusetts
Mm	� Millimeter computed tomography
NC	� North Carolina
No	� Number
OA	� Osteoarthritis
owHTO	� Open wedge high tibial osteotomy
PF	� Patellofemoral
Post	� Postoperative
preop	� Preoperative
RMSE	� Root-mean-square error
TF	� Tibiofemoral
TT-TG	� Trochlea groove
3D	� Three-dimensional
°	� Degrees
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