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Abstract

Purpose Precise preoperative planning is mandatory when a double-level osteotomy (DLO) is required to correct a severe
knee deformity. Literature does not report a validated planning method regarding DLO that could be performed directly
on digital radiographs using simple measurement tools. This study aims to validate a novel DLO planning method called
New Mikulicz-Joint Line (NM-JL) based on essential measurement tools, in which the correction angles are induced by the
predicted post-operative joint line obliquity (JLO).

Methods Twenty-three patients who satisfied the inclusion criteria were enrolled. NM-JL planning method was performed
using basic measurement tools to detect corrective angles and gaps. The correction was then simulated using a Virtual Seg-
mentation Software method to obtain the osteotomy fragments. Both planning procedures were performed independently
and later repeated by two orthopaedic surgeons to assess the inter and intra-observer reliability.

Results The intraclass correlation coefficient (ICC) regarding corrective angles and gaps showed a significant positive cor-
relation between the values determined using the two procedures by both raters (p < 0.05). Pearson’s correlation analysis
revealed a significant correlation between the measured results of the two planning methods. (p <0.05). Finally, the Bland—
Altman analysis showed an excellent agreement (p < 0.05) for all measurements performed.

Conclusions The NM-JL method showed high values of intra and inter-rater reliability. The procedure is built up starting
from the predicted value of post-operative joint line obliquity, allowing to maintain this parameter fixed. Other advantages
include the quickness, adaptability, and possibility to be performed on any Digital Imaging and Communication in Medicine
(DICOM) viewer.

Level of evidence Level IV.

Keywords Double-level osteotomy - Joint line obliquity - Knee osteotomy - Limb deformity - Coronal deformity - Digital
planning - Software - Method

Abbreviations HKA Hip—knee—ankle angle
HTO High tibial osteotomy JLCA Joint line convergence angle
DFO Distal femoral osteotomy cm Centimetres
JLO Joint line obliquity m Meters
DLO Double-level osteotomy DICOM Digital imaging and communication in
AP Anteroposterior medicine
NM-JL  New Mikulicz joint line mm Millimetres
LDFA Distal lateral femoral angle VSS Virtual segmentation software
MPTA  Proximal medial tibial angle ICC Intraclass correlation coefficient
CI Confidence interval
r Correlation coefficient
P4 Francesco Bosco ..
francesco.bosco532 @edu.unito.it; LoA Limits of agreement
francescobosco@icloud.com; francesco.bosco@unito.it SD Standard deviation
OASIS  Computer-assisted biomechanical analysis
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M-JL Mikulicz joint line angle

BMI Body mass index

CORA  Center of rotation of angulation
Introduction

Osteotomies around the knee have been performed to redis-
tribute the load on the intact compartment to reduce pain
symptoms and delay or avoid the need for knee arthroplasty
[1]. Historically, a varus knee was primarily related to a
tibial deformity and exclusively corrected through a high
tibial osteotomy (HTO) [2-5]. Similarly, a valgus malalign-
ment was treated through a distal femoral osteotomy (DFO),
ascribing the deformity at the distal femur [6, 7]. However,
recent studies have shown that varus malalignment may
result from tibial, femoral, or combined deformity [8—11].
Furthermore, in some patients, the coronal malalignment
may partially or entirely belong to intra-articular wear or
ligamentous loosening instead of pure bone deformity [5,
9]. Therefore, as described by Paley et al. [12], correc-
tive knee osteotomies should be performed at the site of
the original deformity. The surgical restoration of a proper
coronal axis may result in a new bony deformity that leads to
excessive joint line obliquity (JLO) [13] and increased shear
forces on the articular surface [14] that may jeopardise the
results. Therefore, in some patients, a double-level osteot-
omy (DLO), which is a combination of an HTO and a DFO,
may be necessary to correct the deformity and realign the
knee joint obliquity [13, 15-18]. A meticulous preoperative
planning is mandatory; otherwise, it may adversely affect
the osteotomy procedure’s functional outcome and survival
rates, increasing the risk of later total knee arthroplasty [15,
17].

Regarding HTO and DFO, different planning methods
are validated on standing long-leg radiographic views, such
as the Dugdale and Miniaci methods [19, 20]. On the other
hand, DLO planning is currently performed exclusively with
advanced software using virtual segmentation [15, 16, 21].
At the same time, no validated methods allow accurate plan-
ning with simple tools of any Digital Imaging and Commu-
nication in Medicine (DICOM) viewer software that could
be considered reliable and reproducible.

This study aims to validate the New Mikulicz-Joint Line
(NM-JL) method as a DLO planning method. This procedure
detects corrective angles and gaps on the femoral and tibial
sides, distributing the correction on each level and preserv-
ing the physiologic JLO. It could be performed directly on
full-length standing AP view X-ray using simple measure-
ment tools available on any DICOM viewer, such as angles,
lines, and ruler. The hypothesis is that the proposed NM-JL
method is reproducible, reliable, and comparable to a soft-
ware method based on virtual segmentation.
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Materials and methods

Between January 2020 and June 2022, a total of 23
patients were recruited in our department who satis-
fied all the radiological inclusion criteria for a DLO for
a varus knee: a preoperative distal lateral femoral angle
(LDFA) > 90° combined with a proximal medial tibial
angle (MPTA) < 85°; an MPTA > 94° obtained from the
planning of a single HTO; the need of a significant cor-
rection with > 10 degrees or> 15 mm gaps [15, 16, 21,
22]. In addition, exclusion criteria were advanced knee
osteoarthritis KL grade 4, significant articular deformity
with joint line convergence angle (JLCA) > 6°.

Radiological measurements and analysis were per-
formed on a full-length AP digital radiograph. The digi-
tal radiographs were imported into TraumaCad® TM 2.4
(Brainlab, Voyant Health Inc.), a digital planning software
designed for medical imaging. The software can be used
as a simple DICOM viewer with essential measurement
tools such as angles, lines, and ruler, or it can provide
digital planning, with the possibility to perform a virtual
segmentation of osteotomy fragments simulating the cor-
rection. The digital radiograph can be modified in both
cases, generating correction angles, and opening or closing
gaps to provide the following DLO procedure.

Following a reported method described by Jacquet et al.
[23], a mechanical and anatomical angle analysis, according
to Paley, was performed [12, 24]. The HKA angle, MPTA,
LDFA, and JLCA were measured for each knee, obtaining
reproducible and consistent values for each patient and an
associated marginal error of fewer than 2 mm (mm) and less
than 1 degree. The reference values based on studies in the
literature were: LDFA 85.8 +2.0, MPTA 85.6+2.4, HKA
179.4+2.6,JLCA 1.09+0.9 [12, 25].

NM-JL method

The NM-JL geometrical planning method (Figs. 1 and 2)
was performed in the following manner.

— The recorded measurements were calibrated using
TraumaCad® software with the previously defined
100 x 100 mm reference square. The width of the tibial
plateau was measured by drawing an unbroken horizon-
tal line directed towards the medial and lateral margins,
excluding osteophytes findings.

— The correction point at the knee joint line has to be
set depending on the clinical case. In our study, for
demonstrative purposes, the correction point was set
at 62.5% of the tibial plateau width measured from the
medial tibial cortex.
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Fig. 1 Bilateral weight-bearing full-length AP digital radiograph for
DLO planning according to the authors’ proposed method. 1.1 A 88
degrees of NM-JL value is established. Determine a correction point
at the knee joint line at 62.5% of the tibial plateau width measured
from the medial tibial cortex. Draw the new loading axis passing
through the correction point defined. 1.2 The hinge point for the oste-
otomies was determined. At the femoral level, an A-line connects the
femoral hinge point and the hip centre. At the same time, a B-line
connects the femoral hinge point and the intersection point of the new

— A vertical line, representing the new Mikulicz line,
intersecting the tangent of the tibial plateau through the
chosen correction point and subtending a medial lower
angle of a determined value was drawn (Fig. 1, 1.1).
This angle, called NM-JL, depicted the post-operative
JLO of the realigned knee and was set at 88 degrees in
our study.

— The hinge point for the osteotomies was determined [26].
The tibial hinge point was positioned approximately
1.5 cm below the lateral joint line near the head of the
fibula, while the femoral hinge point was positioned ter-
minating near the adductor tubercle as described by other
authors [27, 28] (Fig. 1, 1.2).

— An A-line was drawn from the femoral hinge point
towards the centre of the hip. A B-line was drawn from
the femoral hinge point towards the new femoral load
axis point of intersection with a line parallel to the
ground starting from the centre of the femoral head. The
angle between these two lines represents the femoral cor-
rection angle (Fig. 1, 1.2).

loading axis at the femoral level. A C-line connects the tibial hinge
point and the centre of the ankle joint at the tibial level. Finally, a
D-line connects the tibial hinge point and the intersection point of the
new loading axis at the tibial level. 1.3 The angle between these lines
represents the femoral correction angle (the green angle at femoral
level) and the tibial correction angle (the green angle at tibia level.)
The osteotomies’ millimetre open and closure gaps were measured
(blue lines at femoral and tibial levels)

— A C-line was drawn from the tibial hinge point towards
the centre of the ankle joint. A D-line was drawn from
the tibial hinge point towards the intersection of the new
tibial loading axis with a line parallel to the ground from
the centre of the ankle joint. The angle between these two
lines represents the tibial correction angle (Fig. 1, 1.2).

— The osteotomy lines were then drawn. Specifically, the
femoral osteotomy line (Fig. 1, 1.3), green line on the
femur, was oriented from the lateral cortex to the medial
terminating near the adductor tubercle and from proximal
to distal forming an angle of approximately 20 degrees
with the femoral perpendicular axis. The tibial osteotomy
line, green line on the tibia, was defined by drawing a
straight line from the medial cortex, approximately 4 cm
below the knee joint line above the pes anserinus, to the
previously described lateral hinge point at forming an
angle of roughly 20 degrees with the tibial perpendicular
axis [27, 28] (Fig. 1, 1.3).

— At the femoral level, the distal arm of the angular instru-
ment centred on the femoral hinge point was then swung

@ Springer



6688

Archives of Orthopaedic and Trauma Surgery (2023) 143:6685-6693

Fig.2 Magnificated images of the proposed planning by the authors
to better illustrate angles and correction gaps of the osteotomies

proximally for an angle equal to the previously calcu-
lated correction value. Both lines thus obtained (Fig. 2),
green lines, were extended until they intersected the lat-
eral femoral cortex. The distance between the two lines
at the intersection points with the lateral cortical was
recorded as the millimetric closure gap at the femoral
level. On the other hand, at the tibial level, the angular
instrument’s distal arm centred on the tibial hinge point
was swung proximally for an angle equal to the correc-
tion value calculated previously. Thus, both obtained,
green lines, were prolonged until they intersected the
medial tibial cortex. The distance between the two lines
at the intersection points with the medial tibial cortex
was recorded as the millimetric open gap at the tibial
level, blue lines at femoral and tibial levels (Fig. 2).

Virtual segmentation software (VSS) method
— The full-length standing AP view radiograph was cali-

brated on TraumaCad® using the 100 100 mm reference
square.

@ Springer

— Afterwards, using the instrument “Limb Alignment Anal-
ysis”, the anatomical landmarks were selected to obtain
the mechanical axis and angles of the lower limb, includ-
ing LDFA, MPTA, JLCA and the weight-bearing line.

— An unbroken line was drawn tangent to the tibial plateau,
and the proximal tibia width was then measured, exclud-
ing the osteophytes.

— The new load-bearing point was established at 62.5% of
the tibial width measured from the medial tibial cortex.

— The hinge points were then determined in the same man-
ner described above.

— The virtual segments were manually rotated, creating
a medial open wedge for the tibia and a lateral clos-
ing wedge for the femur. Segments were progressively
rotated until the weight-bearing axis intersected the tibial
plateau at 62.5% and simultaneously formed a medial
angle of 88 degrees with its tangent (Fig. 3).

— The obtained correction angles and the open/close gaps
on the tibia and femur were recorded and collected.

Data collection

Data for the intra- and inter-rater reliability studies were col-
lected from 23 patients. On preoperative radiographs, two
authors (LS and MC) independently determined the cor-
rection angles and millimetric gaps for femoral and tibial
osteotomy. These values were derived from both the NM-JL
and the VSS method.

For all 23 cases, both trained raters performed the plan-
ning with the NM-JL method at time zero and after at least
30 days. Similarly, the VSS method was executed 60 days
from the time zero and then repeated at 90 days. The correc-
tion angles values and millimetric gaps for femoral and tibial
osteotomy, derived from both planning, were recorded and
collected. The patients’ data were blinded, and the sequence
of recordings was randomised for both planning methods.

Statistical methodology

Data from the NM-JL method (at time zero and after 30 days)
and the VSS method (after 60 days and after 90 days) were
compared for each rater to assess intra-observer variability.
In addition, measurements from the two planning meth-
ods were compared between the two raters for each series
of planning (NM-JL at time zero and VSS after 60 days;
NM-JL after 30 days and VSS after 90 days) to evaluate
inter-observer variability. Intra- and inter-observer variabili-
ties were calculated with intraclass-correlation-coefficient
(ICC) using a two-way random model for continuous vari-
ables with absolute agreement. The ICC values ranged from
0.00 to 1.00, with solid reliability reported for values close
to 1.00. Values below 0.5, between 0.5 and 0.75, 0.75 and
0.9, and above 0.90 indicated poor, moderate, reasonable,
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Fig. 3 Using the proposed
method by the authors, the
NM-JL angle of 88° was
simulated on the TraumaCad®
using the Virtual Segmenta-
tion Software (VSS) method
to check whether the same gap &l
values and femoral and tibial
angles were obtained

9,5 mm, 8,9 ° } 1

[

and excellent reliability, respectively. A 95% confidence
interval (CI) of the estimated ICC was used.

Moreover, the Pearson's correlation coefficient and
Bland-Altman diagrams compared the two planning meth-
ods. The first one was used for correlation analysis and thus
to determine whether the values of the two analysed vari-
ables are associated. The correlation coefficient (r) to resolve
this association was used. It is a number between — 1 and
1. Values close to 1 describe the relationship between the
two variables perfectly. The Bland—Altman method was
used to plot the difference between the correction angles and
the millimetric gaps for both femoral and tibial osteotomy
determined with the two methods. The limits of agreement
(LoA) are defined as the mean difference + 1.96 standard
deviations (SD). If these limits do not exceed the maximum
allowed difference between methods, the two methods agree
and may be used interchangeably. Also, for the Pearson cor-
relation coefficient and the Bland—Altman method, a 95%
CI was considered to specify that the two methods do not
disagree. All statistical analyses were performed using Med-
Calc software version 13, 2014 (MedCalc Software, Ostend,
Belgium).

9,9 mm, 8,9 °

Results

A total of 23 patients were enrolled in our study. The average
age of included patients was 52.87 +5.41 years (range 41 to
62 years). There was a male predominance (n=17, 73.9%).
Regarding the main parameters of the radiographic deform-
ity: the average HKA was 11.43 +2.33; the average MPTA
was 81.52 +1.86; the average LDFA was 93.13 +1.49;
the average JLCA was 4.05 +1.79. Demographic data and
deformity analysis of patients enrolled in this study are
reported in Table 1. The ICC regarding preoperative radio-
graphs showed high agreement for all measurements in both
software and raters. Intra-rater and inter-rater reliability
analyses are described in Additional File 1.

The intra-rater reliability analysis showed high agreement
between the different measurements performed by the same
rater, with both planning methods ranging from minimum
ICC values of 0.977 (95% CI 0.9481-0.9905) to maximum
ICC values of 0.9993 (95% CI 0.9982-0.9997).

The inter-rater reliability analysis showed high agreement
between the two raters in all radiographic assessments com-
pared with both planning methods, ranging from minimum

Table 1 Main demographic

o . Sample size Sample size age, Deformity analysis
characteristic and deformity sex v.o
analysis of patients enrolled in - HKA MPTA LDFA JLCA
this study
M, n F,n Mean SD Mean SD Mean SD Mean SD Mean SD
17 6 52.87 541 11.43 2.33 81.52 1.86  93.13 149  4.05 1.79

y.o. years old, HKA hip—knee—ankle angle, MPTA proximal medial tibial angle, LDFA distal lateral femoral
angle, JLCA joint line convergence angle, M male, n number (of patients), F female, SD standard deviation

@ Springer
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ICC values of 0.9831 (95% CI 0.9604-0.9928) to maximum
ICC values of 0.9995 (95% CI 0.9988-0.9998). In addi-
tion, Pearson’s correlation was used to compare the values
obtained from the geometrical NM-JL and VSS methods.
There was a significant positive correlation between the
values determined using the two procedures by both raters
(p <0.05). Furthermore, the Pearson’s correlation analysis
performed by measuring the same parameters at 30 days
for the NM-JL method and 90 days for the VSS method by
both raters revealed a significant correlation between the
measured results of the two planning methods. (p <0.05).
Furthermore, the Bland—Altman analysis showed that the
bias, in terms of percentage difference, was independent of
the size of the correction. The Cis’ limits were represented
for our data set by comparing the different evaluations. All
measurements performed could be evaluated as excellent
agreement (p <0.05). The data analysed with the Bland—Alt-
man analysis were reported in Additional File 2.

Discussion

This study proposes and validates a new planning method
for DLO based on simple geometrical measurements on a
full-length standing AP radiograph. Method reproducibil-
ity, assessed with intra- and inter-rater reliability analysis,
showed high agreement between observers regarding cor-
rection angles and millimetric opening/closing gaps. Fur-
thermore, a remarkable agreement was obtained on the
Bland-Altman analysis comparing our geometrical and vir-
tual segmentation software-based methods.

Thorough deformity analysis and accurate preoperative
planning are crucial for successful DLO surgeries, simi-
lar to HTO and DFO [27-29]. Previous studies on DLOs
have used different software tools for planning realignment
procedures [30-33]. However, no validated DLO planning
method reported in the literature can be directly performed
on full-length standing AP X-rays using simple measure-
ment tools. The proposed planning method is not entirely
novel but refers to the previously theoretical principles
described by Miniaci and Jakob and the different planning
methods and principles defined by Paley [12, 20, 24, 34].
The main advantage is that the proposed planning method
is based on the predicted post-operative JLO, and the cor-
rection angles at the two sides are derived from this param-
eter and not the reverse. This goal is reached by introducing
a new index of the post-operative JLO, the NM-JL angle.
Furthermore, the proposed method could be applied to a
basic DICOM viewer that should always be available even
at the first clinical examination of the patient. Since the
NM-JL planning method is based on simple measurement
tools such as open or Cobb angle, line, and ruler available
in any DICOM viewer, it can be employed even if a specific
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medical planning software is not accessible. Moreover, this
new geometrical method provides correction angles and mil-
limetric gaps without acquiring specific anatomical land-
marks as the landmark-based software, saving time during
the planning phase. To determine the final gaps, if a calibra-
tion tool is not included in the basic software, a 3% incre-
ment is usually suggested. A further feature of the NM-JL
method, which was described in this paper with strict param-
eters and magnitudes to obtain a reproducible protocol for its
validation, allows a wide range of variability: the proposed
method is easily adaptable in terms of the amount of cor-
rection, because the load point on the tibial plateau can be
chosen depending on the specific clinical case. In this study,
according to Fujisawa et al. [35] and applying the osteotomy
rules defined by Paley, the new load axis was set at 62.5% of
the tibial plateau width, determining a slight overcorrection.
Regardless, this value can be adapted starting from 50% of
the tibial plateau width proposed by other authors, consider-
ing other issues such as the medial compartment cartilage
thickness [36-38]. In clinical cases requiring higher amounts
of unloading, this method allows equally allocating the over-
correction at the two levels for the abovementioned reasons.
Also, the NM-JL angle could be freely suited according to
the specific case. In our series, an 88-degree angle was set to
maintain a slightly varus inclination of the joint line, but this
value could be increased or decreased within narrow limits.

An increase in NM-JL angle corresponds to a higher tibial
correction at the expense of the femoral one; in contrast, its
decrease corresponds to a lower tibial correction favouring
a higher femoral closure. However, the correction allocation
within the two levels entails a precise effect on the JLO,
which is visible and immediately valuable in acceptability.
Some previous studies have already introduced the Miku-
licz Joint Line angle (M-JL) as an index for JLO [22, 26,
39]. M-JL is currently described as the angle between the
Mikulicz line and the bisector of JLCA [22, 26]. Compared
to the angle between the joint line and the ground, it has the
consistent advantage of being independent of the position
of the leg in the coronal plane; M-JL is also more accurate
than MPTA since the latter has a link with the JLO that HKA
strongly influences.

The proposed method is based on anatomic landmarks
in the preoperative X-rays and maintains a definite match
to the post-operative scenario. We decided to use the tan-
gent of the tibial plateau as the joint line representative:
this is a constant landmark before and after the correc-
tion, while a high JLCA is intended to strongly decrease
because of the leg realignment, resulting in the lack of
a reasonable, predictable match between the bisector of
the preoperative JLCA and the corrected knee. The value
of the NM-JL angle can be modified during the planning
based on the desired JLO and the corrections between the
two levels. In this study, 88 degrees were always set as an
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NM-JL measure for demonstrative purposes compared to
the VSS method. This value is considered the first choice
in our real-life planning. There are some considerations
to debate considering 87 degrees as the physiologic JLO
standard (measured as an M-JL angle). The first issue is
that higher values of post-operative M-JL angle are com-
mon and usually well-tolerated, while the literature is poor
regarding lower values. Secondly, considering the vari-
able amount of cartilage wear in the medial compartment,
which contributes to the persistence of a post-operative
JLCA higher than 2 degrees, the bony anatomy, usually
considered a radiographic landmark, provides an overesti-
mation of the valgus of the concrete weight-bearing tibial
baseplate. Based on corrective angles and gaps allocation,
the patient's characteristics, including physiologic issues
such as age, body mass index (BMI) and comorbidity,
as long as anatomical ones like patella height and limb
length discrepancy, the NM-JL value is currently modu-
lated within the range reported by the literature, preferably
among 87 and 91 degrees [22, 26, 39].

In this series, we have not considered a correction for
intra-articular deformity cause; being independent that is
applied to the angles and gaps given by any chosen planning
method, it was not strictly related to the aim of the study.
Similar to the Dugdale and Miniaci methods for HTO [19,
20], also in our planning procedure, the soft tissue tension
and the intra-articular deformity, depicted by a pathologi-
cal JLCA angle [40], are intrinsically incorporated into the
bony correction. In the same way, using the VSS method,
the articular deformity is not considered, and to mitigate its
detrimental effects, a specific centre of rotation of angulation
(CORA) must be added at the joint line level before the auto-
matic or manual rotation of the femoral and tibial segments.
If the articular and soft tissue contribution to the overall
deformity is not separately processed, a significant risk of
overcorrection is present, which is of particular interest in
the case of a more significant JLCA value [40].

For HTO, several authors have proposed mathematical
models to predict and correct the JLCA to the tibial correc-
tion [40-43]. As with single-level osteotomies, for DLOs,
in patients with high JLCA, it still remains debated where
the post-operative correction axis should be set. Therefore,
the JLCA influence should be considered when performing
a DLO, but how to distribute the correction remains debated.
Similar to Micicoi et al. for HTO [42], we routinely evaluate
a soft tissue correction when JLCA > 2°. Usually, the global
amount of the bony correction decreases after the articular
deformity is deducted using the formula (JLCA-2)/2 [8].
Due to the nature itself of the planning, considering the tan-
gent to the tibial plateau as a starting point and a reference of
the joint line, the NM-JL method tends to attribute the intra-
articular deformity to the femur, and so this quote should be
entirely subtracted from the femoral correction angle.

This study has several limitations. The study was conducted
with a restricted number of cases, which could be explained
considering that the interest in DLO is growing, especially
in recent years and its indications remain relatively limited.
Finally, the correction angles and gaps obtained in the plan-
ning phase have not been tested during surgery, but this was
beyond the scope of this study.

Conclusions

The newly proposed planning method for DLOs, called
NM-JL, based on simple measurement tools, showed excel-
lent intra- and inter-rater reliability results and was compa-
rable to the virtual segmentation software method. Obtain-
ing the correction angles and gaps the procedure allows to
predict the post-operative JLO. As a result, it is quick, highly
adaptable, and reproducible on any DICOM viewer, saving
time and costs of dedicated planning software.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00402-023-04997-6.

Author contributions MC, LB, FB, and DC: have contributed substan-
tially to conception and design, data acquisition, analysis, and interpre-
tation. They have been involved in drafting the manuscript and revis-
ing it critically for important intellectual content, given final approval
of the version to be published. They agree to be accountable for all
aspects of the work in ensuring that questions related to the accuracy
or integrity of any part of the work are appropriately investigated and
resolved. FG, SR, and LS: have contributed substantially to the data
analysis, interpretation, and manuscript drafting. AM has made sub-
stantial contributions to concept and design the manuscript and revising
it critically for important intellectual content.

Funding Open access funding provided by Universita degli Studi
di Torino within the CRUI-CARE Agreement. No funding has been
received for this study.

Data availability The dataset analysed in this study is available from
the corresponding author on reasonable request.

Declarations

Conflict of interest All authors have no conflicts of interest for this
study to disclose.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
Declaration and its later amendments or comparable ethical standards.
All patients were informed about the study and consented to partici-
pate.

Informed consent All patients were informed about the study and con-
sented to participate.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes

@ Springer


https://doi.org/10.1007/s00402-023-04997-6

6692

Archives of Orthopaedic and Trauma Surgery (2023) 143:6685-6693

were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Peng H, Ou A, Huang X, Wang C, Wang L, Yu T et al (2021)
Osteotomy around the knee: the surgical treatment of osteoarthri-
tis. Orthop Surg 13(5):1465-1473

2. Amis AA (2013) Biomechanics of high tibial osteotomy. Knee
Surg Sports Traumatol Arthrosc 21(1):197-205

3. Coventry MB (1965) Osteotomy of the upper portion of the tibia
for degenerative arthritis of the knee. A preliminary report. J Bone
Joint Surg Am 47:984-990

4. Harris JD, McNeilan R, Siston RA, Flanigan DC (2013) Survival
and clinical outcome of isolated high tibial osteotomy and com-
bined biological knee reconstruction. Knee 20(3):154-161

5. Insall IN (1975) High tibial osteotomy in the treatment of osteo-
arthritis of the knee. Surg Annu 7:347-359

6. Fiirmetz J, Patzler S, Wolf F, Degen N, Prall WC, Soo C et al
(2020) Tibial and femoral osteotomies in varus deformities -
radiological and clinical outcome. BMC Musculoskelet Disord
21(1):201

7. van der Woude JA, Spruijt S, van Ginneken BT, van Heerwaarden
RJ (2016) Distal femoral valgus osteotomy: bone healing time
in single plane and biplanar technique. Strategies Trauma Limb
Reconstr 11(3):177-186

8. Capella M, Risitano S, Sabatini L, Faccenda C, Barberis L, Cama-
zzola D et al (2022) Tibial condylar valgus osteotomy for the
treatment of intra-articular varus deformity of the knee. Ann Joint.
https://doi.org/10.21037/a0j-22-19

9. Hess S, Moser LB, Amsler F, Behrend H, Hirschmann MT (2019)
Highly variable coronal tibial and femoral alignment in osteoar-
thritic knees: a systematic review. Knee Surg Sports Traumatol
Arthrosc 27(5):1368-1377

10. Hirschmann MT, Moser LB, Amsler F, Behrend H, Leclercq
V, Hess S (2019) Phenotyping the knee in young non-osteo-
arthritic knees shows a wide distribution of femoral and tibial
coronal alignment. Knee Surg Sports Traumatol Arthrosc
27(5):1385-1393

11. Moser LB, Hess S, Amsler F, Behrend H, Hirschmann MT (2019)
Native non-osteoarthritic knees have a highly variable coronal
alignment: a systematic review. Knee Surg Sports Traumatol
Arthrosc 27(5):1359-1367

12. Paley D, Herzenberg JE, Tetsworth K, McKie J, Bhave A (1994)
Deformity planning for frontal and sagittal plane corrective oste-
otomies. Orthop Clin North Am 25(3):425-465

13. Saragaglia D, Mercier N, Colle PE (2010) Computer-assisted oste-
otomies for genu varum deformity: which osteotomy for which
varus? Int Orthop 34(2):185-190

14. Nakayama H, Schroter S, Yamamoto C, Iseki T, Kanto R, Kuro-
saka K et al (2018) Large correction in opening wedge high tibial
osteotomy with resultant joint-line obliquity induces excessive
shear stress on the articular cartilage. Knee Surg Sports Traumatol
Arthrosc 6:1873-1878

15. Babis GC, An KN, Chao EY, Rand JA, Sim FH (2002) Double
level osteotomy of the knee: a method to retain joint-line obliquity.
Clinical results. J Bone Joint Surg Am 84(8):1380-1388

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Nakayama H, Iseki T, Kanto R, Kambara S, Kanto M, Yoshiya
S et al (2020) Physiologic knee joint alignment and orientation
can be restored by the minimally invasive double level osteotomy
for osteoarthritic knees with severe varus deformity. Knee Surg
Sports Traumatol Arthrosc 28(3):742-750

Saragaglia D, Blaysat M, Mercier N, Grimaldi M (2012) Results
of forty two computer-assisted double level osteotomies for severe
genu varum deformity. Int Orthop 36(5):999-1003

van Egmond N, Stolwijk N, van Heerwaarden R, van Kampen
A, Keijsers NLW (2017) Gait analysis before and after cor-
rective osteotomy in patients with knee osteoarthritis and
a valgus deformity. Knee Surg Sports Traumatol Arthrosc
25(9):2904-2913

Dugdale TW, Noyes FR, Styer D (1992) Preoperative planning for
high tibial osteotomy. The effect of lateral tibiofemoral separation
and tibiofemoral length. Clin Orthop Relat Res 274:248-264
Miniaci A, Ballmer FT, Ballmer PM, Jakob RP (1989) Proximal
tibial osteotomy. A new fixation device. Clin Orthop Relat Res
246:250-259

Schroter S, Nakayama H, Yoshiya S, Stockle U, Ateschrang A,
Gruhn J (2019) Development of the double level osteotomy in
severe varus osteoarthritis showed good outcome by preventing
oblique joint line. Arch Orthop Trauma Surg 139(4):519-527
Hofmann S, Lobenhoffer P, Staubli A, Van Heerwaarden R (2009)
Osteotomien am Kniegelenk bei Monokompartmentarthrose
[Osteotomies of the knee joint in patients with monocompart-
mental arthritis]. Orthopade 38(8):755-769

Jacquet C, Laumonerie P, LiArno S, Faizan A, Sharma A, Dag-
neaux L et al (2020) Contralateral preoperative templating of
lower limbs’” mechanical angles is a reasonable option. Knee Surg
Sports Traumatol Arthrosc 28(5):1445-1451

Paley D, Pfeil J (2000) Prinzipien der kniegelenknahen Deform-
itdtenkorrektur [Principles of deformity correction around the
knee]. Orthopade 29(1):18-38

Micicoi G, Jacquet C, Sharma A, LiArno S, Faizan A, Kley K et al
(2021) Neutral alignment resulting from tibial vara and opposite
femoral valgus is the main morphologic pattern in healthy middle-
aged patients: an exploration of a 3D-CT database. Knee Surg
Sports Traumatol Arthrosc 29(3):849-858

Lobenhoffer P (2014) Stellenwert der knienahen Osteotomie
bei medialer Gonarthrose. Indikation, Technik und Ergebnisse
[Importance of osteotomy around to the knee for medial gonarthri-
tis. Indications, technique and results]. Orthopade 43(5):425-431
Bonasia DE, Dettoni F, Palazzolo A, Rossi R (2017) Opening
wedge high tibial osteotomy and anterior cruciate ligament recon-
struction or revision. Arthrosc Tech 6(5):e1735-e1741

Pilone C, Rosso F, Cottino U, Rossi R, Bonasia DE (2019) Lateral
opening wedge distal femoral osteotomy for lateral compartment
arthrosis/overload. Clin Sports Med 38(3):351-359

Kloos F, Becher C, Fleischer B, Ettinger M, Bode L, Schmal H
et al (2023) Discharging the medial knee compartment: compari-
son of pressure distribution and kinematic shifting after implan-
tation of an extra-capsular absorber system (ATLAS) and open-
wedge high tibial osteotomy-a biomechanical in vitro analysis.
Arch Orthop Trauma Surg 143(6):2929-2941

Ramappa M, Anand S, Jennings A (2013) Total knee replace-
ment following high tibial osteotomy versus total knee replace-
ment without high tibial osteotomy: a systematic review and meta
analysis. Arch Orthop Trauma Surg 133(11):1587-1593
Akamatsu Y, Nejima S, Tsuji M, Kobayashi H, Muramatsu S
(2022) Joint line obliquity was maintained after double-level oste-
otomy, but was increased after open-wedge high tibial osteotomy.
Knee Surg Sports Traumatol Arthrosc 30(2):688-697

. Grasso F, Martz P, Micicoi G, Khakha R, Kley K, Hanak L et al

(2022) Double level knee osteotomy using patient-specific cutting


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.21037/aoj-22-19

Archives of Orthopaedic and Trauma Surgery (2023) 143:6685-6693

6693

33.

34.

35.

36.

37.

38.

39.

guides is accurate and provides satisfactory clinical results: a pro-
spective analysis of a cohort of twenty-two continuous patients.
Int Orthop 46(3):473-479

Iseki T, Onishi S, Kanto M, Kanto R, Kambara S, Yoshiya S et al
(2021) Double-level osteotomy for severe varus osteoarthritic
knees can prevent change in leg length and restore physiological
joint geometry. Knee 31:136-143

Ishimatsu T, Takeuchi R, Ishikawa H, Maeyama A, Osawa K,
Yamamoto T (2022) Femoral morphology affects postoperative
alignment of the lower extremities in hybrid closed-wedge high
tibial osteotomy. Arch Orthop Trauma Surg 142(12):3675-3685
Fujisawa Y, Masuhara K, Shiomi S (1979) The effect of high tibial
osteotomy on osteoarthritis of the knee. An arthroscopic study of
54 knee joints. Orthop Clin North Am 10(3):585-608

Jakob RP, Jacobi M (2004) Die zuklappende Tibiakopfosteotomie
in der Behandlung der unikompartimentéren Arthrose [Closing
wedge osteotomy of the tibial head in treatment of single compart-
ment arthrosis]. Orthopade 33(2):143-152

Fujita K, Sawaguchi T, Goshima K, Shigemoto K, Iwai S (2023)
Influence of lateral hinge fractures on biplanar medial closing-
wedge distal femoral osteotomy for valgus knee: a new clas-
sification of lateral hinge fracture. Arch Orthop Trauma Surg
143(3):1175-1183

Akamatsu Y, Kobayashi H, Nejima S, Schroter S (2023) Can
double-level osteotomy prevent patellofemoral osteoarthritis pro-
gression compared with open wedge high tibial osteotomy? Arch
Orthop Trauma Surg 143(4):2073-2085

Rosso F, Rossi R, Cantivalli A, Pilone C, Bonasia DE (2022) Joint
line obliquity does not affect the outcomes of opening wedge high

40.

41.

42.

43.

tibial osteotomy at an average 10-year follow-up. Am J Sports
Med 50(2):461-470

Micicoi G, Khakha R, Kley K, Wilson A, Cerciello S, Ollivier
M (2020) Managing intra-articular deformity in high Tibial oste-
otomy: a narrative review. J Exp Orthop 7(1):65

Lee DK, Wang JH, Won Y, Min YK, Jaiswal S, Lee BH et al
(2020) Preoperative latent medial laxity and correction angle
are crucial factors for overcorrection in medial open-wedge
high tibial osteotomy. Knee Surg Sports Traumatol Arthrosc
28(5):1411-1418

So SY, Lee SS, Jung EY, Kim JH, Wang JH (2020) Difference
in joint line convergence angle between the supine and standing
positions is the most important predictive factor of coronal cor-
rection error after medial opening wedge high tibial osteotomy.
Knee Surg Sports Traumatol Arthrosc 28(5):1516-1525
Takagawa S, Kobayashi N, Yukizawa Y, Oishi T, Tsuji M, Inaba Y
(2020) Preoperative soft tissue laxity around knee was associated
with less accurate alignment correction after hybrid closed-wedge
high tibial osteotomy. Knee Surg Sports Traumatol Arthrosc
28(9):3022-3030

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	A novel geometrical planning method to restore knee joint obliquity in double-level osteotomies
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 
	Level of evidence 

	Introduction
	Materials and methods
	NM-JL method
	Virtual segmentation software (VSS) method
	Data collection
	Statistical methodology

	Results
	Discussion
	Conclusions
	Anchor 17
	References




