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Abstract

Purpose Patellofemoral instability can be caused by tibial or femoral torsional deformity. Established surgical treatment options
are rotational osteotomies, but the transfer from pre-operative planning to surgical execution can be challenging. Patient-specific
instruments (PSI) are proofed to be helpful tools in realignment surgery. However, accuracy of PSI in femoral and tibial rotational
osteotomies remains still unknown. Goal of the present study was to evaluate the accuracy of PSI in femoral and tibial rotational
osteotomies in a patient population suffering from patellofemoral instability.

Methods All patients that underwent femoral or tibial rotational osteotomy using PSI in case of patellofemoral instability from
October 2015 until April 2019 in our clinic were included. Twelve knees with twelve supracondylar femoral and seven
supratuberositary tibial rotational osteotomies could be included. Accuracy of the correction was assessed using pre- and post-
operative CT scans based on conventional measurements and, in 3D, based on 3D bone models of the respective patients.
Results CT measurements revealed an absolute difference between planned and achieved rotation of 4.8° + 3.1° for femoral and
7.9°+3.7° for tibial rotational osteotomies without significant difference (p =0.069). Regarding 3D assessment, a significant
difference could be observed for the residual error between femoral and tibial rotational osteotomies in the 3D angle (p = 0.014)
with a higher accuracy for the femoral side.

Conclusion The application of PSI for femoral and tibial rotational osteotomy is a safe surgical treatment option. Accuracy for
femoral rotational osteotomies is higher compared with tibial rotational osteotomies using PSI.

Keywords Torsional deformity - Rotational osteotomy - Knee osteotomy - Torsional malalignment syndrome - Femoral
osteotomy - Tibial osteotomy

P4 Lukas Jud
lukas.jud@balgrist.ch

Lazaros Vlachopoulos
vlachopoulos@balgrist.ch

Silvan Beeler
silvan.beeler @balgrist.ch

Timo Tondelli
timo.tondelli@balgrist.ch

Philipp Fiirnstahl
philipp.fuernstahl @balgrist.ch

Sandro F. Fucentese

sandro.fucentese @balgrist.ch

Balgrist University Hospital, Department of Orthopedics, University
of Zurich, Forchstrasse 340, 8008 Ziirich, Switzerland

Research in Orthopedic Computer Science (ROCS), University
Hospital Balgrist, University of Zurich, Zurich, Switzerland

Introduction

Patellofemoral instability is often multifactorial and can be
caused by frontal malalignment of the leg, dysplastic trochlea,
disruption of the medial soft tissue, patella alta, or torsional
deformity of the femur or tibia [1, 2]. In case of a torsional
deformity, femoral or tibial rotational osteotomy may be nec-
essary [1-4]. However, an unintended change of the frontal
mechanical leg axis is an identified problem in femoral rota-
tional osteotomies [5, 6]. Appropriate pre-operative planning
can be helpful in preventing such unintended malalignment
[7], but accurate implementation of the planned osteotomy
planes in the surgery can be challenging due to the limited
surgical exposure and following potential mal-angulation of
the osteotomy planes further aggravate deviations of the post-
operative frontal mechanical leg axis [8]. Possible navigation
aids are patient-specific instruments (PSI). Regarding the
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application of PSI on the femur and the tibia, it has already
been proofed to be helpful in coronal realignment surgery
[9-11]. However, the accuracy of PSI in femoral or tibial
rotational osteotomy has not been investigated so far. Goal
of this study was to assess the accuracy of PSI in femoral
and tibial rotational osteotomy in a patient population suffer-
ing from patellofemoral instability by pre- and post-operative
radiological assessment in CT and three-dimensional (3D) as-
sessment by the use of 3D bone models of the respective
patients.

Materials and methods

All patients that underwent femoral and/or tibial rotational
osteotomy using PSI in case of patellofemoral instability
from October 2015 to April 2019 in our clinic were includ-
ed. In total, 12 knees (six right and six left knees) from ten
mature patients (all female) with 12 supracondylar femoral
and seven supratuberositary tibial rotational osteotomies
could be included (Fig. 1). Average age at time of surgery

o & 48 o B
Fig. 1 Long leg radiographs of a patient that underwent supracondylar

femoral and supratuberositary tibial rotational osteotomy. On the left side
the pre-operative situation, on the right side 3 months post-operatively
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was 24 years (range 15 to 40 years). All knees showed a
positive patellar apprehension test and all but two knees
showed recurrent patellar luxation. Ten knees had a dys-
plastic trochlea. Caton-Deschamps index was in mean 1.2
+0.2 (range 0.8 to 1.5). In all but one knee, additional
reconstruction of the medial patellofemoral ligament was
performed. In seven knees additional trochleoplasty, and in
three knees additional lengthening of the lateral retinacu-
lum was performed. In four out of five knees without tibial
rotational osteotomy, an osteotomy and medial transfer of
the tibial tuberosity was conducted due to an increased
tibial tuberosity-trochlear groove distance of 20.7 £
4.0 mm (range 16.8 to 24.7 mm). For pre-operative plan-
ning, all patients had a computed tomography (CT) scan of
the affected lower extremity, scanning the regions of inter-
est including the proximal femur, distal femur, proximal
tibia, distal tibia, distal fibula, and the talus. For assess-
ment of the osteotomy, likewise a CT scan of the extremity,
using the same CT protocol, was performed in mean at
six months follow-up (range 3 to 15 months). For assess-
ment of activity and patellofemoral instability, pre- and
post-operative Tegner and Kujala scores were collected.

Pre-operative osteotomy planning and PSI
generation

Using pre-operative CT data, triangular surface models of
the lower extremities were generated. The bone models
were imported into the in-house developed computer-
aided design (CAD) surgical planning software CASPA
(Balgrist CARD, Zurich, Switzerland). As a first step, the
supracondylar femoral external rotating osteotomy was
simulated perpendicular to the mechanical femoral axis,
in a way that a Tomofix Lateral Distal Femur Plate
(Depuy-Synthes Oberdorf, Switzerland) could be properly
placed. As a first PSI, the pre-reduction PSI was designed,
containing drill holes for the reference pins (serving for
registration of the following PSI) and the cutting slit for
the supracondylar osteotomy. Next, the external rotation of
the distal femoral fragment was simulated in mean with an
external rotation of 19.3° (range 14° to 27°). As a second
PSI, the post-reduction PSI was designed using the refer-
ence pins to control for the planned rotation. Placement of
the post-reduction PSI was planned together with the
Tomofix Lateral Distal Femur Plate (Fig. 2). Next, if need-
ed, the supratuberositary tibial internal rotating osteotomy
was simulated perpendicular to the mechanical tibial axis,
in a way that a VA-LCP Proximal Tibial Plate (Depuy-
Synthes Oberdorf, Switzerland) could be properly placed.
Afterwards, planning for the pre- and the post-reduction
PSI for the supratuberositary osteotomy was performed in
a same manner as for the supracondylar osteotomy with a
mean internal rotation of the distal tibial fragment of 20.4°
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Fig. 2 PSI for the supracondylar
femoral rotational osteotomy. In
the upper row the pre-reduction
PSI in red, containing the refer-
ence pins (gray) and the cutting
slit. In the lower row the post-
reduction PSI in green, using the
same reference pins to control for
correct reduction. The Tomofix
Lateral Distal Femur Plate in gold
is placed over the predrilled screw
holes

(range 15° to 25°) and placement of the VA-LCP Proximal
Tibial Plate together with the post-reduction PSI.

The designed PSI were manufactured by Medacta
International S.A. (Castel San Pietro, Switzerland).

Surgical technique

The senior surgeon (FS) performed all surgeries. Using a
subvastus approach for the femur, respectively using an ap-
proach through the anterior compartment of the lower leg for
the tibia, the distal and lateral femur, respectively the proximal
and lateral tibia, were relieved from soft tissue to identify
prominent bony landmarks that have been integrated in the
undersurface of the PSI for proper PSI positioning. Next, the
pre-reduction PSI was positioned, screw positions for the
Tomofix Lateral Distal Femur Plate respectively for the VA-
LCP Proximal Tibial Plate were drilled using the integrated
drill sleeves, and the respective osteotomy was performed
using the integrated cutting slit. After placing the post-
reduction PSI together with the Tomofix Lateral Distal
Femur Plate, respectively, the VA-LCP Proximal Tibial Plate
over the reference pins, the predefined rotation was performed
and the screws were successively inserted. Finally, plate posi-
tion and reduction were controlled by fluoroscopy.

Aftercare

For a period of six weeks, patients were allowed for partially
weight bearing with 15 kg. First follow-up was scheduled at
six weeks post-operatively with standard radiographs of the

knee. To confirm bony consolidation, CT scans were obtained
at three months post-operatively earliest.

Assessment of the surgical execution accuracy

Femoral torsion was measured in pre- and post-operative CT
according to the method described by Waidelich et al. [12].
The achieved femoral rotation was calculated as the difference
between the pre-operative and the post-operative femoral
torsion.

The tibial torsion was measured in pre- and post-operative
CTaccording to the method described by Goutallier et al. [13].
The achieved tibial rotation was calculated as the difference
between the pre- and the post-operative tibial torsion.

Using post-operative CT data, likewise triangular surface
models of the lower extremities were generated in a same
manner as with the pre-operative CT data and the pre- and
post-operative bone models were imported into CASPA. 3D
accuracy assessment was then performed using a similar
methodology as described by Vlachopoulos et al. [14].
Using the 3D surface models, the post-operative proximal
femur and the distal femoral shaft, respectively the post-
operative tibial plateau (proximal from the osteotomy) were
aligned with the pre-operative planning using Iterative Closest
Point (ICP) surface registration algorithm (Fig. 3) [15, 16].
Afterwards, the difference between planned and achieved re-
duction was measured in all six degrees of freedom by com-
puting the difference between the pre-operative planning and
the post-operative distal femur, respectively, the post-
operative tibial shaft including the distal tibia (distal from
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Fig. 3 Post-operative three- a
dimensional (3D) accuracy as-
sessment by calculation of the re-
sidual error. a The post-operative
bone models (violet) were
superimposed with the pre-
operative planned reduction
(orange) proximal from the
osteotomy (i.e., proximal femur
and distal femoral shaft, respec-
tively tibial plateau). b The resid-
ual deviation from the pre-
operative planning is calculated
by superimposition of the post-
operative fragments distal from
the osteotomy (green) with the
pre-operative planned reduction
(orange) (i.e., distal femur, re-
spectively tibial shaft and distal
tibia)

Fig. 4 Standardized coordinate systems in the centre of the osteotomies.
Green the x-axis (frontal plane), blue the y-axis (axial plane), red the z-
axis (sagittal plane). Difference of rotation was noted according to these
three axes as well as translational error

@ Springer
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the osteotomy). Measurements were performed with respect
to a standardized coordinate system in the centre of the respec-
tive osteotomy (Fig. 4), defined according to the International
Society of Biomechanics (ISB) [17]. The difference of rota-
tion was noted in axis-angle representation (3D angle) and as
three consecutive rotations additionally (i.e., Euler rotations),
according to the residual rotational error [18]. The rotations
corresponded to the frontal plane (x-axis), the axial plane (y-
axis), and the sagittal plane (z-axis). The translational error
was also expressed as three consecutive values along the three
axes according to the residual translational error.

The 3D mechanical leg axis was measured antero-posterior
(AP) projected, using a similar method as described by
Fiirnstahl et al. [19]. The difference between the pre- and the
post-operative mechanical leg axis was calculated.

For inter-rater reliability, all femoral and tibial torsion mea-
surements in CT, accuracy measurements in 3D, and mechan-
ical leg axis measurements were performed by two indepen-
dent readers (JL, BS).

Statistical analysis

Inter-rater reliability was calculated using the interclass corre-
lation coefficient (ICC), absolute agreement, two-way random
effects model. Interclass correlation coefficients were
interpreted according to Landis and Koch [20]. For the re-
maining analyses, mean values of both raters were used.
Accuracy of the osteotomies was assessed by the absolute
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Table 1  Pre- and post-operative Tegner and Kujala scores. Mean
values, standard deviation, and range (square brackets) are noted

Pre-OP Post-OP p value

0.818
0.007

Tegner score 3.7+£0.9 [2-5]

72,9+ 12.8 [47-90]

3.7+1.0 [2-6]

Kujala score 81.8+£15.8 [49-98]

values of the deviations. Due to the sample size, the differ-
ences were analyzed by non-parametric tests. Signed-rank
tests were used to compare pre- to post-operative clinical
scores. Tibial and femoral deviations from the planned rota-
tions were compared by Mann-Whitney U tests. If not stated
otherwise, mean and standard deviation were presented.
Statistical analyses were computed using Stata/IC 15.1
(StataCorp LP, College Station, TX, USA).

Results

No surgery had intra- or peri-operative complications and all
osteotomies were regularly consolidated. However, in one
case mobilization of the knee in short general anaesthesia
was necessary three months post-operatively due to a restrict-
ed range of motion with a knee-flexion of merely 15 degrees.
After seven months, the patient was able to gain the range of
motion back to a flexion of 115 degrees. No further compli-
cations occurred.

An overview of pre- and post-operative Tegner and Kujala
scores is given in Table 1. The average follow-up was 11 +
six months. A significant difference could be noted for the
Kujala score (p =0.007). Regarding the post-operative patel-
lar apprehension test, all but one knee showed no longer a
positive patellar apprehension test.

An overview of the pre- and post-operative femoral and
tibial torsion measured in CT is given in Table 2. Regarding
the absolute difference between planned and achieved rota-
tion, no significant difference between femoral and tibial ro-
tational osteotomies could be observed (p = 0.069).

An overview of the post-operative accuracy measurements
in 3D, respectively the residual errors, is given in Table 3.
Regarding the mean difference between the tibial and femoral

Table 2 Accuracy assessment measured in CT. Mean values, standard
deviation, and range (square brackets) for pre- and post-operative femoral
and tibial torsion. Positive values for femoral torsion stand for
anteversion, positive values for tibial torsion stand for external rotation.

residual errors, a significant difference could be observed for
the 3D angle (p =0.014).

Mean pre-operative mechanical leg axis was 1.3° varus +
1.8° (range 4.8° varus to 1.1° valgus) and changed to a mean
post-operative mechanical leg axis of 0.1° valgus + 2.6°
(range 4.4° varus to 3.5° valgus). The absolute mean differ-
ence between pre- and post-operative mechanical leg axis was
2.5°41.4° (range 0.4° to 4.6°).

ICC between two readers showed to be “almost perfect” for
mechanical leg axis [0.974 (95% CI 0.941-0.989)], femoral
torsion [0.966 (95% CI 0.923-0.985)], and tibial torsion
[0.967 (95% CI1 0.916-0.987)]. ICC for the 3D angle of the
femoral rotational osteotomies showed to be “substantial”
[0.779 (95% CT 0.415-0.930)] and for the tibial rotational
osteotomies it showed to be “almost perfect” [0.991 (95%
CI 0.950-0.998)].

Discussion

The most important finding of this study is that the application of
PSI in femoral and tibial rotational osteotomies in patients suf-
fering from patellofemoral instability caused by femoral and/or
tibial rotational deformity is a safe surgical treatment option. No
intra- or peri-operative complications could be observed.
Likewise, even with only a short-term follow-up, a significant
improvement could be observed for the Kujala score and all but
one knees no longer showed a positive patellar apprehension test.
Regarding the current literature for the use of PSI in femoral
rotational osteotomy, Fiz et al. performed a femoral diaphyseal
rotational osteotomy in a post-traumatic femoral rotational defor-
mity using 3D printed surgical guides but without a statement
about the surgical accuracy [21]. Concerning the use of PSI in
tibial rotational osteotomy, Dobbe et al. experimentally evaluated
the accuracy of tibial rotational osteotomy using PSI and showed
an accuracy of < 1.1° in their plastic bone model [22]. Otherwise,
the application of PSI in femoral or tibial rotational osteotomy
received little attention in the current literature so far. Regarding
the evaluated accuracy in this study, no significant difference
between femoral and tibial rotational osteotomies was noted in
the CT measurements. However, regarding the residual error in
3D, a significant difference could be observed with a higher

Furthermore noted is the achieved rotation whereby for the femur the
rotation stands for external rotation and for the tibia for internal rotation
of'the distal fragment. Next the planned rotation is noted and the absolute
difference between planed and achieved rotation

Pre-OP torsion Post-OP torsion

Achieved rotation

Abs. difference
planned—achieved rotation

Planned rotation

Femur 42.3° £7.5°[31.7°-52.4°] 21.8° £6.5°[13.1°-33.1°] 20.5° £5.8° [8.2°-30.6°]
12.5° £3.3°[9.6°-17.3°] 20.4° £3.6° [15°-25°]

Tibia  35.3° £7.5°[27.1°-47.8°] 22.9° £7.3°[13.8°-32.2°]

19.3° £4.7° [14.0°-27.0°] 4.8° £3.1°[0.4°-10.4°]
7.9° £3.7° [2.8°-14.2°]
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Table 3 3D accuracy assessment of the residual error from planned to
achieved correction. Mean values, standard deviation, and range (square
brackets) are noted. The residual error is described as 3D angle (axis-
angle representation) and by Euler rotations around the standardized

coordinate system in the center of the osteotomy. Residual translation is
also given with respect to the standardized coordinate system. Values are
based on absolute values. In the lower row, mean difference between
tibial and femoral residual error, including p value, is given

3D (°) Rotation (°) Translation (mm)
Frontal plane Axial plane Sagittal plane Frontal plane Axial plane Sagittal plane
(x-axis) (y-axis) (z-axis) (x-axis) (y-axis) (z-axis)
Femur 54427 23+1.5 32436 19+1.8 23+1.5 1.8+12 12+1.2
[1.8-10.2] [0.6-5.6] [0.3-9.5] [0.2-5.5] [0.0-5.2] [0.54.4] [0.14.2]
Tibia 103+44 1.7+£2.0 4.8+5.6 39425 1.0+0.4 09+1.0 09+0.8
[5.0-18.6] [0.1-5.2] [0.4-16.8] [0.5-6.9] [0.6-1.8] [0.2-2.9] [0.0-2.1]
Mean 49 -0.6 1.6 2.0 -13 -09 -03
Difference
(p value) (0.014) (0.204) (0.398) (0.063) (0.128) (0.076) (0.673)

accuracy in femoral rotational osteotomies. While on the femoral
side in some cases an overcorrection compared with the pre-
operative planning could be observed, in all tibial rotational
osteotomies an undercorrection was noted. Probably the main
reason for this circumstance is the fibula that acts like a locking
mechanism during internal tibial rotation and wherefore some
authors propose to perform an additional fibula osteotomy in case
of an intended tibial rotational correction of > 20° [23]. However,
there exists still controversy about the need for an additional
fibula osteotomy and opponents mention the better stability, that
might also be reflected in the lower 3D residual translational error
observed in tibial rotational osteotomies compared with the fem-
oral osteotomies in this study, and the lower morbidity when
avoiding the additional fibula osteotomy, whereby the propo-
nents argue with a stress-free rotation by using the fibula
osteotomy [24, 25]. Regarding the 3D residual rotational error,
the issue about stress-free rotation could also be reflected in this
study. Even though it was most marked in the axis corresponding
to the reduction task (y-axis) for both procedures, it was still more
pronounced on the tibial side with the named locking mechanism
of'the fibula. The less pronounced 3D residual rotational errors in
the remaining axes probably can be explained as a result of a
combination of the imprecise reduction task and a slightly incor-
rect positioning of the PSI, caused by insufficient adaption of the
PSI on the bones or remaining underlying soft tissue. Regarding
the mechanical leg axis, the absolute mean difference between
the pre- and the post-operative mechanical leg axis, in this study
population with complex deformity correction, was comparable
with the observed accuracy of high tibial osteotomy in the current
literature [26].

One of the main limitations of this study is the lack of a
control group that has been operated upon with the conven-
tional technique. Reason therefore is that we perform these
complex procedures exclusively with the aid of PSI since we
have this new technology at hand. Before the availability of
PSI, unfortunately, the post-operative radiological datasets of
the patients were not standardized like nowadays in our clinic,

@ Springer

and wherefore a control group was not possible. Likewise,
regarding the current literature, the accuracy of tibial or fem-
oral rotational osteotomies have not been investigated radio-
logically so far, neither with the conventional technique nor
with the aid of PSI. Howeuver, it has to be assumed even with-
out a control group that the evaluated accuracy in this study is
probably higher than with the conventional technique, as it has
already been shown in coronal realignment surgeries that the
application of PSI lever up the surgical accuracy [9—11].
Another limitation is the short follow-up of the patients and
that the clinical scores were not collected all at the same time
post-operatively. However, the main focus of this study was
the accuracy of femoral and tibial rotational osteotomies and
the successful clinical results of such procedures have already
been described in the literature [3, 4]. Lastly, the limited sam-
ple size in this study has to be mentioned, and this could be a
reason why no significant difference in the CT measured ac-
curacy between femoral and tibial rotational osteotomies was
observed.

Conclusion

The application of PSI for femoral and tibial rotational
osteotomy in patellofemoral instability is a safe surgical treat-
ment option. Accuracy for femoral rotational osteotomies is
higher compared to tibial rotational osteotomies using PSI.
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