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Abstract
Purpose  Patient-specific instruments (PSIs) are helpful tools in high tibial osteotomy (HTO) in patients with symptomatic 
varus malalignment of the mechanical leg axis. However, the precision of HTO can decrease with malpositioned PSI. This 
study investigates the influence of malpositioned PSI on axis correction, osteotomy, and implant placement.
Methods  With a mean three-dimensional (3D) model (0.8° varus), PSI-navigated HTOs were computer simulated. Two 
different guide designs, one with stabilising hooks and one without, were used. By adding rotational and translational offsets 
of different degrees, wrong placements of PSI were simulated. After 5° valgisation of the postoperative mechanical axis, the 
distance between joint-plane and osteotomy screws, respectively, were measured. The same simulations were performed in 
a patient with varus deformity (7.4° varus).
Results  In the mean 3D model, the postoperative mechanical axis was within 3.9°–4.5° valgus with mean value of 4.1° ± 
0.1° (correct axis 4.2° valgus). Surgical failure concerning osteotomy occurred in 17 of 76 HTOs. Significantly safer screw 
placement was observed using PSI with stabilising hooks (p = 0.012). In the case of the 3D model with 7.4° varus deformity, 
the postoperative mechanical axis was within 3.2°–3.9° valgus with mean value of 3.8° ± 0.2° (correct axis 3.9° valgus). 
Surgical failure concerning osteotomy occurred in 3 of 38 HTOs. Screws were always within the safety distance.
Conclusion  The clinical relevance of the presented study is that malpositioning of a PSI within the possible degrees of free-
dom does not have a relevant influence on the axis correction. The most vulnerable plane for surgical failure is the sagittal 
plane, wherefore the treating surgeon should verify correct guide placement to prevent surgical failure, particularly in this 
plane.
Level of evidence  III.
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Introduction

Several studies have shown that precise axis correction 
is crucial for a successful surgical outcome in high tibial 
osteotomy (HTO), because under- or over-correction is a 
primary reason for clinical failure [2, 5, 8, 10]. Computer-
assisted surgical navigation techniques based on image-
based systems [7, 10] or patient-specific instrumentations 
(PSI) have been proposed to improve the intraoperative 
precision of HTOs [7]. The advantages of PSI include 
the simulation of preoperative planning and a stepwise 
intraoperative procedure including assistance in implant 
placement. However, malpositioning of PSI can result in 
intraarticular fractures or intraarticular screw positioning. 
The precision of a PSI surgery relies on the placement 
of the very first guide (i.e., the basic guide [14]), used to 
establish a correspondence between the preoperative plan 
and the intraoperative situation. If the position or orienta-
tion of the basic guide is incorrect, the deviation is conse-
quently transferred to all subsequent steps of the surgery.

In this study, the influence of guide malpositioning on 
HTO was investigated using three-dimensional (3D) com-
puter simulation. Different combinations of displacements 
and rotations were applied to the optimal guide position, 
and the effects on the osteotomy plane, the mechanical 
axis correction, and screw positions and orientations were 
measured. Investigations of how different guide designs 
would improve or worsen correct guide placement have 
been likewise performed.

In line with the leading principle of the best accuracy 
in HTO, we hypothesized that a translation of 5 mm or a 
rotation of 2.5° in placing PSI could probably result in a 
considerable deviation from the aimed postoperative situ-
ation. Therefore, it was the goal of this study to assist the 
treating surgeon by determining the degree and bounda-
ries of malpositioning of PSI that would result in relevant 
deviation from the planned axis correction in critical oste-
otomy or in implant placement.

Materials and methods

The local ethical committee approved this study (Zurich 
Cantonal Ethics Commission, req-2019-0032) and all 
patients gave their informed consent for their participa-
tion in and the publication of this study.

A mean 3D model of a right lower limb was generated 
from computed tomography (CT) data of 21 healthy sub-
jects using a statistical shape modeling approach described 
by Albrecht et al. [1].

The leg model was imported into the preoperative plan-
ning software CASPA (Balgrist CARD AG, Zurich, Swit-
zerland). An antero-posterior (AP)-projected 3D mechani-
cal axis of 0.8° varus was calculated using a measurement 
method similar to the one described by Fürnstahl et al. 
[6]. For study purposes, it was assumed that a valgisa-
tion of the mechanical axis by 5° has to be performed 
(postoperative mechanical axis of 4.2° valgus). Based on 
this assumption, the corresponding HTO was simulated 
[6], and two different generations of MyOsteotomy® PSI 
were created by providing anatomical models and planned 
correction angle to the manufacturer of the PSI system 
(Medacta/Balgrist CARD AG; Switzerland) as shown in 
Fig. 1. The second generation of the PSI guides includes 
two additional stabilising arms extending to the anterior 
and posteromedial part of the proximal tibia.

With the MyOsteotomy® system (Medacta SA, Castel San 
Pietro, Switzerland), the navigation of an HTO is performed 
by applying first a pre-reduction guide containing a cutting 
slit to guide the osteotomy and four drill sleeves used to set 
four Schanz pins. The Schanz pins are used as reference pins 
to apply the post-reduction guide and to navigate plate and 
screw placement, as the positions and directions of the pins 
correspond with the uniaxial locking screws of the implant. 

Fig. 1   Guide designs: first row: frontal view of the proximal tibia. 
Second row: medial view of the proximal tibia. In turquoise, the first-
generation PSI without stabilising hooks. In green, the second-gener-
ation PSI with additional stabilising hooks (marked with red circles)
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In this study, a Tomofix Medial High Tibial Plate (Depuy-
Synthes Oberdorf, Switzerland) (MHT) was used.

The 3D models of the first- and second-generation pre-
reduction guides were imported into the CASPA software 
to simulate incorrect placements by modifying the original 
guide positions. Incorrect placements were simulated by 
applying rotations and translations of different magnitude 
to the guide, according to the coordinate system in the centre 
of mass of the Tomofix plate (Fig. 2). The coordinate system 
of a correctly placed Tomofix plate was selected due to the 
correspondence of the position of the plate to the surgical 
approach. The x-axis (red) of the coordinate system cor-
responded to the plate’s length axis. The y-axis (green) was 
defined normal to the x-axis in the postero-anterior direction. 
The z-axis (blue) pointed away from the bone surface, being 
normal to both the x- and y-axis. Translational malposition-
ing was simulated by shifting the guide in a proximal and 
distal direction along the x-axis in steps of 5 mm, 10 mm, 
15 mm, and 20 mm. Rotational malpositioning of the guide 
was simulated by rotating the guide from its original position 
by 2.5°, 5°, 7.5°, 10°, and 15° in clockwise and counter-
clockwise directions around each of the three axes. There-
fore, a total of 76 simulations with malpositioned guides 

with or without stabilising arms have been performed with 
the mean 3D model. For each of the two guide designs, 30 
incorrect rotational (clockwise and counter-clockwise rota-
tion of the guide around all three axes) and eight incorrect 
translational malpositions (proximal and distal shift of the 
guide) were simulated. Impossible transformations causing 
guide-bone intersections were identified visually and han-
dled as follows. If an intersection between guide and bone 
model was identified, the transformation applied previously 
was inverted in a step-wise manner until the intersection 
was resolved. Cases in which the undersurface of the guide 
was not in sufficient contact with the bone were treated as 
follows: while partial loss of guide-bone contact can be pos-
sible due to soft-tissue structures, transformation in which 
greater than 80% of the guide undersurface was not in con-
tact with the bone have been classified as impossible.

After simulation of HTO, the postoperative outcome 
was assessed and compared with the original planning with 
respect to the following parameters. Parameter one was the 
change in the postoperative mechanical axis “post-MA” 
(Fig. 3a). The AP-projected 3D mechanical axis was also 
determined using a measurement method similar to the one 
described by Fürnstahl et al. [6]. The second parameter, 
“dist-ost”, assessed the change on the osteotomy plane by 
measuring the minimum distance between the osteotomy 
and a 3D plane representing the proximal tibia plateau 
(Fig. 3b). A computer script was used to loop through all 
surface points of the osteotomised distal fragment, calculat-
ing the normal distance between each point and the plateau 
plane. A distance of 15 mm or more between osteotomy 
plane and the tibia plateau was defined as “good”, a distance 
of 10–15 mm was defined as “ok”, and a distance of less 
than 10 mm was a “failed” osteotomy. These thresholds were 
defined according to medial high tibial plate (MHT) surgi-
cal technique by DePuy Synthes [3], in which the minimum 
distance between the osteotomy and joint plane was defined 
as 10 mm. The third parameter, “dist-screw”, represented 
the distance of the implant screw that was minimal to the 
plateau plane (Fig. 3c). The screw-plateau distance was cal-
culated as the distances between the plateau plane and each 
of the cylinders representing the implant screws. We aimed 
for a minimum safety distance of 5 mm between the screw 
and tibia plateau.

In the same manner as stated for the 3D mean model, a 
3D model of a patient’s left lower limb with worn medial 
compartment and 7.4° varus deformity and a medial prox-
imal tibial angle of 85.2° was generated. Afterward, the 
leg model was imported into the CASPA software (Bal-
grist CARD AG, Zurich, Switzerland). With the patho-
logic AP-projected 3D mechanical axis and the planning 
through the Fujisawa point [5], a corresponding valgisa-
tion by 11.3° was calculated (postoperative mechanical 
axis of 3.9° valgus). Afterward, the corresponding HTO 

Fig. 2   Coordinate system of the Tomofix plate: by applying rotations 
and translations according to the coordinate system, incorrect guide 
placements were simulated
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was simulated using the guides with additional stabilis-
ing arms. Overall, 38 different guide malpositions were 
simulated. The malpositions included eight incorrect 
translational (proximal and distal shift of the guide) and 
30 incorrect rotational malpositions (clockwise and coun-
ter-clockwise rotation of the guide around all three axes). 
The assessment of the malpositioning of the guides was 
conducted using the same malpositions as in the simula-
tion with 3D mean model.

Two independent readers performed all 3D simulations 
and measurements with the mean model and the patient 
model. Reader 1 performed 3D simulations and measure-
ments in the mean model twice to test–retest reliability.

Statistical analysis

The initial data inspection showed various outcome variables 
to have non-normal distributions, as assessed with Kolmogo-
rov–Smirnov tests. Therefore, nonparametric inference tests 
were used for statistical analysis. The analysis was conducted 
with SPSS statistical software (IBM Corp. Released 2016. 
IBM SPSS Statistics for Windows, Version 24.0. Armonk, 
NY: IBM Corp.). Where values were not computable due to 
guide-bone collision (with the parameters described previ-
ously in the text), the parameter values in correct position 
were used for imputation. The Mann–Whitney U test was 
used to test for a significant influence of using the stabilising 
hook on the distance and angle measurements. Tests were 
applied on the full dataset as well as on two sub-datasets, 
with one dataset being translational and one dataset being 
rotational variation only. The angular data spread was small. 
Therefore, the use of conventional statistics rather than cir-
cular statistics was unproblematic. Distance measurements 
were categorised as in the text. The Fisher exact test was 
used to test for the effect of the stabilising hook on catego-
rised variables. Significance was set at α < 0.05. Test–retest 
reliability and interrater reliability were described with 
the intraclass correlation coefficient (ICC). For test–retest 
reliability, absolute agreement based on a two-way mixed 
effects model of the single measurement type was employed. 
Interrater reliability was assessed based on absolute agree-
ment using a two-way random effects model of the single 
measurement type.

Results

Concerning measurements of the mean 3D model in trans-
lational malpositioning, a proximal translated guide results 
in a postoperative mechanical axis with higher degrees of 
valgisation (up to + 0.3°), a distal translated guide in lower 
degrees of valgisation of up to − 0.3° (range 3.9–4.5°, mean 
value of 4.1° ± 0.1°) in comparison to the correct valgisation 
(4.2°) (Fig. 4a). Overall, a rotational malpositioned guide is 
more frequently associated with lower degrees of valgisa-
tion with the exception of in the coronal plane, in which a 
rotation of 2.5° can result in higher degrees of valgisations 
(range 4.2°–4.4°) (Fig. 4b).

Evaluation of the influence on the distance between the 
osteotomy plane and tibial plateau showed that a ≥ 5 mm 
proximally translated guide resulted in an increased risk 
of a failed osteotomy (Fig. 5a). Regarding rotational mal-
positioning of the guide design without stabilising arms, 
wrong rotation in either the sagittal (≥ 5° rotation) or the 
coronal (≥ 2.5° rotation) plane resulted in a total of 13 
“failed” osteotomies and 25 osteotomies that were “ok” or 
“good” (Fig. 5b). If osteotomies were performed with the 

Fig. 3   Mechanical axis “post-MA” distance between osteotomy 
and joint plane “dist-ost” and between screws and joint plane “dist-
screw”: a in red, the preoperative mechanical axis. In green, the post-
operative mechanical axis. b Measurement between osteotomy and 
joint plane marked in red. c Measurement between screws and joint-
plane marked in red. In grey, the cylinders representing the proximal 
four screws in the Tomofix plate
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guide containing hooks, only four “failed” osteotomies (all 
with wrong rotation in the sagittal plane with ≥ 5° rotation) 
and 34 osteotomies that were “ok” or “good” were observed 
(Fig. 5b).

A significant difference between the groups with respect 
to screw placement (p = 0.012) was noted. Screw placement 
below the safety distance of 5 mm could be observed solely 
in the group without stabilising arms (n = 7, proximal trans-
lation ≥ 5 mm, coronal rotation ≥ 7.5°) (Fig. 6). Concern-
ing the postoperative mechanical axis in the model of the 
patient, no overcorrection was observed (range 3.2°–3.9°, 

mean value 3.8° ± 0.2°) in comparison to the correct valgi-
saton (3.9°) (Fig. 7).

Referring to the distance between the osteotomy and joint 
plane, no surgical failure (i.e., “dist-ost” < 10 mm) was 
observed in translational malpositioning; whereas, rotational 
malpositioning of ≥ 7.5° in sagittal plain caused a surgical 
failure in three simulations (Fig. 8).

The evaluation of the screw placements showed all screws 
within the safety distance of greater than 5 mm.

Reliability analysis showed excellent test–retest reliability 
and excellent interrater reliability with a minimum intraclass 

Fig. 4   Mechanical axis “post-MA”: statistical evaluation in the mean 
3D model with a translational and b rotational malpositioning. For 
graphical visualisation, boxplots were used, with the ends of the 
whiskers indicating 1.5 times the interquartile range (IQR) between 

the lower and upper quartiles, and outliers denoted with a circle. 
The dotted line depicts the correct valgisation with a postoperative 
mechanical axis of 4.2° valgus

Fig. 5   Distance between osteotomy and joint plane “dist-ost”: sta-
tistical evaluation in the mean 3D model with a translational und b 
rotational malpositioning. For graphical visualisation, boxplots were 

used, with the ends of the whiskers indicating 1.5 times the interquar-
tile range (IQR) between the lower and upper quartiles, and outliers 
denoted with a circle



1361Knee Surgery, Sports Traumatology, Arthroscopy (2020) 28:1356–1364	

1 3

correlation coefficient (ICC) of 0.996 for all assessed out-
come measures.

Discussion

The most important finding of the present study was that the 
use of PSI in HTO could be considered as a safe and accu-
rate surgical aid. It was already shown that high accuracy in 
desired postoperative axis correction can be achieved using 
PSI in HTO [11, 13]. Further, it could be demonstrated that 
a misplaced guide within the possible degrees of freedom 
was shown to have no relevant influence on the postoperative 

mechanical axis in both models (i.e., mean 3D model and 
patient model). Likewise, it was shown that the use of guides 
with additional stabilising hooks could significantly reduce 
the risk of an incorrectly placed screw. Most likely the rea-
son is the stabilising properties of the hooks on the cone-
shaped anatomy of the proximal tibia. Using this generation 
of guides in both models, every screw placement was within 
the defined safety margin of 5 mm. Regarding the risk of an 
osteotomy too close to the joint plane, overall 17 of 76 HTOs 
with malpositioned guides led to a “failed” osteotomy in the 
mean model. Eight resulted in malpositioning in the sagittal 
plane, five in coronal plane, and four in proximal translation. 
Thereby the hooks seem to reduce the risk for a “failed” 

Fig. 6   Distance between screws 
and joint plane “dist-screw”: 
statistical evaluation in the 
mean 3D model with a transla-
tional and b rotational malposi-
tioning. For graphical visualisa-
tion, boxplots were used, with 
the ends of the whiskers indicat-
ing 1.5 times the interquartile 
range (IQR) between the lower 
and upper quartiles, and outliers 
denoted with a circle
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osteotomy, although these results are not statistically differ-
ent in the two groups. Due to the obviously superior stabilis-
ing properties of the hooks, simulations on the patient model 
were performed only with this generation of guides. Here, 
3 of 38 HTOs with malpositioned guides led to a “failed” 
osteotomy, all caused by sagittal plane malpositioning.

However, it is important to notice that these investigations 
only considered the mechanical axis in AP projection. An 
analysis of the changes of the posterior tibial slope will be 
addressed in a future study. The posterior tibial slope could 

possibly be more affected by a malpositioned guide, espe-
cially if malpositioning in the sagittal plane occurs. Various 
studies have already demonstrated that the posterior tibial 
slope is unintentionally affected by HTO [4, 9, 12].

Several studies analysed the performance of PSI and 
navigation systems for improving the precision of the 
reduction task in osteotomies of the knee, hip, and ankle 
[15–17]. All these studies assessed the accuracy of PSI 
systems in vivo by comparing the postoperative position 
and orientation of the reduced anatomy with the one from 

Fig. 7   Mechanical axis “post-MA”: statistical evaluation in the 
patient 3D model with varus deformity with a translational and b 
rotational malpositioning. For graphical visualisation, boxplots were 
used, with the ends of the whiskers indicating 1.5 times the interquar-

tile range (IQR) between the lower and upper quartiles, and outliers 
denoted with a circle. The dotted line depicts the correct valgisation 
with a postoperative mechanical axis of 3.9° valgus

Fig. 8   Distance between osteotomy and joint plane “dist-ost”: statisti-
cal evaluation in the patient 3D model with varus deformity with a 
translational und b rotational malpositioning. For graphical visualisa-

tion, boxplots were used, with the ends of the whiskers indicating 1.5 
times the interquartile range (IQR) between the lower and upper quar-
tiles, and outliers denoted with a circle
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the preoperative plan. A limitation of such approaches 
is that reasons for a loss of precision remain unknown. 
Cadaver experiments can be carried out to perform a more 
comprehensive error analysis, but the effort for organis-
ing and performing cadaver experiments is very high. Our 
approach was based on computer simulation only, but it 
was a cost-effective alternative to cadaver experiments if 
the influence of a large parameter set on the surgical out-
come has to be studied.

A limitation of this study is the use of a mean 3D 
model consisting solely 21 healthy knees, from which 
some deviation from the standard population can be 
expected. It would be favorable to use a model consisting 
of a higher number of healthy knees, reducing deviation 
from the standard population. However, concerning the 
law of “Hoffendings inequality”, a sample size of 21 knees 
should already convert close to the healthy mean standard 
population.

Another limitation of this study is that guide designs of 
just a single manufacturer were used. In our investigation, 
the MyOsteotomy® PSI system was the reference system; 
but, future studies could use our simulation-based approach 
to investigate different PSI systems in the same way.

Furthermore, it has to be noted that only two different 
degrees of valgisations have been simulated (i.e., 5° and 
11.3° valgisation), likely covering the range of valgisation 
in daily practice. Although these two different scenarios pro-
vide comparable results, probably higher degrees of valgisa-
tions could lead to different results.

Although the here presented study shows no relevant 
influence on axis correction in high tibial osteotomy, with 
malpositioning of PSI within the possible degrees of free-
dom, the treating surgeon should verify correct guide place-
ment nevertheless, since it has been shown that a proximal 
translation of already 5 mm can result in surgical failure. 
Regarding rotational malpositioning; correct guide place-
ment should be verified especially in the sagittal plain, as it 
could be shown that the sagittal plain is the most vulnerable 
plain for surgical failure.

Conclusion

The clinical relevance of the presented study is that malposi-
tioning of a PSI within the possible degrees of freedom does 
not have a relevant influence on axis correction in high tibial 
osteotomy. The most vulnerable plane for surgical failure 
is the sagittal plane, and the treating surgeon should verify 
correct guide placement, particularly in this plane.
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