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Geometrical analysis of the opening gap after tibial condylar
valgus osteotomy for proper hinge point selection
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Background: Preoperative deformity and hinge position are associated with the magnitude of the
gap opening during corrective osteotomy. A larger opening gap angle is associated with a higher risk of
complications. This cross-sectional study sought to identify a suitable hinge position that results in the
smallest opening angle during tibial condylar valgus osteotomy (TCVO).

Methods: The data of 66 arthritic knees treated by TCVO were included, comprising 16 knees with the
hinge points selected medial to the center (group M), 21 knees with the hinge points selected at the center
(group C), and 29 knees with the hinge points selected lateral to the center of the intercondylar eminence
(group L). The opening gap angles and the correction amounts of the medial proximal tibial angle (AMPTA)
were compared among the 3 groups to identify the preliminary relationship between the hinge positions and
the opening gap angle. A simplified geometric model with the hinge positions selected at the medial beak,
the center, and the lateral beak of the intercondylar eminence was constructed to simulate the realignment
process. Several anatomical points were allocated as Cartesian coordinates. The opening gap angle with
different hinge positions was mathematically formulated with MATLAB (MathWorks, Natick, MA, USA).
Results: The average AMPTAs were 9.4+2.9°, 9.4+3.5°, and 9.3+3.0° in groups L, C, and M, respectively.
The opening angle of the osteotomy gap was the largest in group M and the smallest in group L (29.7«11.1°
and 16.9:5.3° P<0.01). The comparison of the opening angle per the 4MPTA revealed a similar pattern.
The simulated realignment process indicated that the hinge point at the lateral beak of the intercondylar
eminence led to the smallest opening angle. The opening angle during TCVO was mathematically derived
in terms of the AMPTA, the position of the intersection of the pre- and postoperative joint lines, and the
position of the hinge point.

Conclusions: The hinge point at the lateral beak of the intercondylar eminence results in the smallest
opening angle and may be suitable for TCVO.
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Introduction

Opening-wedge high tibial osteotomy (OWHTO) is a
standard prearthroplasty surgical method to treat arthritic
knees with genu varum. It can restore joint function and
reduce pain in the failing knee joint by realigning the
weight-bearing axis (1,2). However, long-term follow-
up studies have revealed several technical and clinical
limitations of OWHTO in patients with intra-articular
incongruency accompanied by lateral soft tissue laxity
and a subluxated lateral joint (2-4). Tibial condylar
valgus osteotomy (T'CVO), a novel L-shaped osteotomy
performed from the medial side of the proximal tibia to
the intercondylar eminence, can adjust the congruity of
the joint surface and improve intra-articular stability (5,6).
TCVO has been reported to be an efficient technique for
treating intra-articular deformity caused by degenerative
arthritis (7,8), trauma (9), and growth disorders, such as
Blount disease (5).

Preoperative deformity and hinge position are
associated with the magnitude of the gap opening during
the corrective osteotomy. A systematic review revealed an
increased risk of lateral hinge fracture when the wedge
is opened by >11 mm during OWHTO (10). The larger
the magnitude of the opening gap is, the more medially
aligned the medial portion of the proximal fragment and
the more laterally aligned the medial portion of the distal
fragment (11). A similar trend has been observed during
TCVO, which is considered a special type of OWHTO
(Figure 1). In such circumstances, a larger degree of
mismatch between the patient-specific bony surface and the
factory-made locking plate can impose a higher stress on the
construct and weaken the structural stiffness of the implant,
leading to an increased risk of technical complications,
such as hinge fracture, screw pullout, and plate breakage
(12-15). In addition, the significant prominence of the
implant beneath the medial subcutaneous border and the
small contact area between the plate and the bone at the
distal end can cause postoperative pain (11,15). Thus, the
hinge position that leads to the smallest gap opening angle
should be favored by surgeons during TCVO.

Some recent studies have mentioned the hinge point as
the lateral tip of the intercondylar eminence; however, no
study has examined the exact reason for the selection of this
point (5,6). To avoid iatrogenic injury to the joint surface
of the tibial plateau during TCVO, the following 3 points
were chosen for the candidate hinge position: (I) the hinge
set at the medial beak, (I) the center, and (III) the lateral
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beak of the intercondylar eminence. Wang ez 4l. showed
that a larger gap opening angle was required in TCVO
compared to OWHTO to correct the medial proximal
tibial angle (MPTA) to the same extent (8). As TCVO can
be regarded as a special form of OWHTO, with its hinge
point positioned relatively medially, it was conjectured that
the hinge position at the lateral part (i.e., the lateral beak
of the intercondylar eminence) will result in a relatively
smaller gap opening angle during TCVO (7,8). This study
sought to (I) conduct retrospective evaluations of patients
undergoing TCVO to identify the preliminary relationship
between the magnitude of the opening gap and the hinge
positions; (II) develop a simple and effective geometric
model for surgical simulation and mathematical description;
and (III) verify the hypothesis that among the 3 candidate
hinge points, the hinge point at the lateral beak of the
intercondylar eminence leads to the smallest gap opening
angle after TCVO. We present the following article in
accordance with the STROBE reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-2022/rc).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by ethics board of Shanghai Jiao Tong
University affiliated Sixth People’s Hospital (No. 2020-
107), and informed consent was taken from all the patients.
To identify the preliminary relationship between hinge
positions and the magnitude of the opening gap, the data
of patients with knee osteoarthritis (OA), genu varum,
and intra-articular incongruency treated by TCVO at
our institute from January 2015 to December 2021 were
retrospectively reviewed. To be eligible for inclusion in this
study, patients had to meet the following inclusion criteria:
have symptomatic medial unicompartmental knee OA with
varus malalignment (a femoral tibial angle over 182°), an
intra-articular deformity (a “pagoda-type” tibial plateau,
lateral joint dilation with a joint line convergence angle over
5°, and increased medial tibial plateau depression less than
-4°), a range of flexion >90°, a flexion contracture <10°, and
a near-normal lateral femorotibial compartment [defined
in accordance with the magnetic resonance imaging for
articular cartilage examination, the radiographic assessment
for joint features, and a Kellgren-Lawrence (K-L) grade
<2]. Patients were excluded from the study if they met
any of the following exclusion criteria: had rheumatoid or
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Figure 1 Geometric characteristics of the tibial plateau before and
after TCVO. The lateral tibial plateau was set as a static reference
object during the gap opening. For the surgical simulation, it was
assumed that each surgery was performed at different hinge points
[the dots are plotted in red, yellow, and green in (A)] to achieve the
same ideal value of po-MPTA. Thus, the AMPTA was equal in each
case. It should be noted that the larger degree of the opening gap
was, the more medially aligned the medial portion of the proximal
fragment and the more laterally aligned the medial portion of the
distal fragment [the curve plotted in red in (B-D)]. TCVO, tibial
condylar valgus osteotomy; MPTA, medial proximal tibial angle;
po-MPTA, postoperative medial proximal tibial angle; AMPTA,

correction amount of MPTA after each surgery.

inflammatory arthritis, advanced patellofemoral arthritis,
or lateral unicompartmental knee OA (diagnosed by

radiographic evidence and clinical manifestation); and
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were smokers. A total of 66 patients with OA knees were
included in the study and divided into group M (comprising
16 knees with the hinge points selected medial to the center
of the intercondylar eminence), group C (comprising 21
knees with the hinge points selected at the center of the
intercondylar eminence), and group L (comprising 29
knees with the hinge points selected lateral to the center
of the intercondylar eminence). The number of TCVO
cases at our institute during the study period determined
the sample size of the study. The K-L grading system was
used to assess the grade of OA based on the evaluation of a
standing posteroanterior radiograph (16). The demographic
characteristics of the patients are set out in 7able 1.
Anteroposterior long-leg weight-bearing radiographs
were collected to measure and compare the correction
amount of MPTA (AMPTA) between the 3 groups.
MPTA was defined as the angle formed between the tibial
mechanical axis and the joint surface of the proximal tibia.
The percentage of mechanical axis (%MA) was defined
as the point at which the tibial plateau intersects the
mechanical axis, converted to a percentage from the medial
edge (0%) to the lateral edge (100%) of the tibial plateau.
For each case, the ideal postoperative MPTA (po-MPTA)
aimed to achieve a weight-bearing line with 60% % MA.
The opening angle refers to the angle formed between
2 osteotomy lines after opening the osteotomy gap. The
opening angle was measured by a ruler and confirmed
by plotting the opening wedge on the intra-operative
radiograph during the gap opening (Figure 2). The
preoperative evaluations and all the operations were
performed by 2 surgeons. Surgical indications and details
of the TCVO procedures were similar to those described
previously (5,6). Radiographic measurements were recorded
twice by 2 independent observers at an interval of 6 weeks.
The examiners were blinded to each other’s results. The
intra- and interrater reliability of the measurements were
assessed by examining the intraclass correlation coefficients.
For the geometrical analysis of the opening gap,
schematic figures were generated to perform the simulation.
The following procedure was adopted:

(I) preoperative MPTA (pre-MPTA) and po-MPTA
were defined as the medial proximal tibial angle
before and after the surgery, respectively. AMPTA
was defined as follows:

AMPTA = po-MPTA — pre-MPTA [1]

For the surgical simulation, it was assumed
that each surgery was performed with different
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Table 1 Patients’ demographic characteristics
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Demographic indicators Group M Group C Group L
Knees (male/female), n 16 (8/8) 21 (9/12) 29 (13/16)
Age (years), mean [range] 59 [45-77] 61 [42-75] 57 [40-76]

BMI (kg/m?), mean [range]

26.1 [21.9-28.6]

K-L grade (I, lll, IV), n 1,9,6

26.4 [21.5-28.6] 25.8 [21.1-28.1]

2,12,7 3,16, 10

Group M, the knees with the hinge points selected medial to the center of the intercondylar eminence; group C, the knees with the hinge
points selected at the center of the intercondylar eminence; group L, the knees with the hinge points selected lateral to the center of the
intercondylar eminence; BMI, body mass index; K-L, Kellgren-Lawrence.

Figure 2 A typical case of TCVO with the hinge point selected at the lateral beak of the intercondylar eminence. Preoperative appearance

(A) and standing radiograph (B) of the lower extremities. Preoperative lateral radiographs of the right (C) and the left (D) knee joints.

Fluoroscopic intraoperative view of the knee undergoing TCVO (E). The angle formed between the margins of the osteotomy gap was

defined as the opening angle. Postoperative standing radiograph of the lower extremities after surgery (F). Postoperative lateral radiographs
of the right (G) and the left (H) knee joints after surgery. The patient was able to squat and jog after TCVO (I). This image was published

with the patient’s consent. TCVO, tibial condylar valgus osteotomy; po-MPTA, postoperative medial proximal tibial angle; pre-MPTA,

preoperative medial proximal tibial angle.

(ID)
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hinge points to achieve the same ideal value of po-
MPTA. Thus, the AMPTA was equal for each of
the references (the hinge set at the lateral beak, the
center, and the medial beak of the intercondylar
eminence; Figure 1).

Adobe Illustrator (Adobe Inc., Mountain View, CA,
USA) was used to construct the schematic figures

(Figure 3). The preoperative joint line was the
projected tangent to the lowest points of the tibial
plateau both at the medial and lateral sides. The
lateral tibial plateau was set as a static reference
object in this model. Thus, during TCVO, the
medial tibial plateau was rotated around the selected
hinge point until the medial tibial plateau was
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Preoperative joint line

Figure 3 2D schematic model of genu varum correction. The
preoperative joint line was projected tangentially to the lowest
points of the tibial plateau at the medial and lateral sides before
TCVO. The postoperative joint line should be tangential to the
lowest point of the lateral tibial plateau, with the angle formed
between the pre- and postoperative joint lines equal to AMPTA.
TCVO, tibial condylar valgus osteotomy; MPTA, medial proximal
tibial angle; AMPTA, correction amount of MPTA after each
surgery; point M, the intersection of the pre- and postoperative
joint lines that located medial to the point at which the joint line

was tangential to the lateral tibial plateau.

tangential to the ideal postoperative joint line and
the ideal AMPTA was achieved. The postoperative
joint line was thus projected tangentially to the
lowest point of the static lateral tibial plateau,
with the angle formed between the pre- and
postoperative joint lines equal to the AMPTA. Point
M, which was defined as the intersection point of
the pre- and postoperative joint lines, was located
medially to the point at which the preoperative joint
line was tangential to the lateral tibial plateau. To
define the hinge point, a marking line (hinge line)
was drawn, running from the medial beak of the
intercondylar eminence (point ¢), passing through
the center of the intercondylar eminence (point 4),
and ending at the lateral beak of the intercondylar
eminence (point 4).

(III) For the preliminary analysis of the simulated
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realignment process at the coronal plane, the
preoperative joint line was set to pass through
the selected 3 hinge points, as the distance of
these hinge points to the preoperative joint
line was negligible compared to the distance
between these 3 hinge points. The simulated gap
opening procedure was performed by rotating
the medial tibial plateau and distal femur around
the selected hinge point until the lowest point of
the medial tibial plateau became tangential to the
postoperative joint line (Figure 4). The opening
angle o subtended lines from the hinge points to
the medial margin of the tibia on the preoperative
joint lines and hinge points to this medial margin
of the tibia after simulation.

Several anatomical points on the schematic figure were
allocated as Cartesian coordinates in a theoretical layer
over the radiograph (Figure 5). The joint line intersection
point M was assigned as the origin of the coordinate
system. The preoperative joint line that paralleled the hinge
line was set as the vector on the X-axis with the positive
X direction corresponding to the lateral-to-medial limb
direction. The coordinate information was set according to
the measurement of the dimensions of the proximal tibia
performed based on the anteroposterior radiograph from
Figure 1. The horizontal width of the tibial plateau was set
as 1 unit. The hinge points on the hinge line were placed
horizontally. The vertical distance between the hinge line
and preoperative joint line was 0.05 units in length. The
horizontal distances between each hinge point were X,;, =
X, =0.20 units in length, respectively. Point 4 was set as
the medial point of the tibial plateau on the preoperative
joint line. The horizontal distance between point 4 and
hinge point # was X,; =0.625 units in length, and this value
conformed with the position of the Fujisawa’s point (17).
As the osteotomy gap can be increased gradually until
the desired AMPTA is achieved, point M moves along the
preoperative joint line toward the medial side. According to
the measurement shown in Figure 1, the distance between
point M and point # was designated as 0.1 to 0.375 units
in length (Figure 5). The mathematical calculation of the
opening angle (o, o, and a,, respectively) was performed by
MATLAB (MathWorks, Natick, MA, USA) R2020b using
the following variables: (I) the correction angle AMPTA;
and (II) Xp, which was defined as the horizontal distance
between point M and each candidate hinge point #, b, and
¢. Surgical simulations of geometrical models with different
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Figure 4 Simulation of the realignment process at the coronal
plane achieved by rotating the medial tibial plateau and distal
femur around the selected hinge point until the medial tibial
plateau was tangential to the postoperative joint line. The opening
angle, o, was annotated with the apex at the selected hinge points.
This angle subtended lines from the hinge point to the medial
margin of the tibia on preoperative joint lines and the hinge point
to this medial margin of the tibia after simulation. It should be
noted that the larger magnitude of the opening gap was, the more
medially aligned the medial cortical line of the proximal tibia
(the curves are plotted in red, yellow, and green along the medial

cortical line).

values of AMPTA from 5° to 35° in increments of 3.333°
were conducted (For further details of the code, see the
Appendix 1).

Statistical analysis

SPSS Statistics version 23 was used for the statistical analysis.
The data were evaluated for normality using the Shapiro-Wilk
test. Statistical differences between the 3 groups were evaluated

© Annals of Translational Medicine. All rights reserved.
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Figure 5 Anatomical points on the schematic figure. The
horizontal width of the tibial plateau was set as 1 unit in length.
The vertical distance between the hinge line and preoperative joint
line was 0.05 units in length. The horizontal distances between
hinge points were X, = X, =0.20 units in length, respectively.
Point d was set as the most medial point of the tibial plateau on
the preoperative joint line. The joint line intersection point M
was assigned as the origin of the coordinate system. Point M
moves from the lateral margin of the tibial plateau (when AMPTA
approaches 0°) to the point at a distance of 10% of the length
of the tibial plateau away from the hinge point # (when AMPTA
reaches the largest value, which is 35°, under the clinical scenario).
Thus, the distance between point M and hinge point 2 was 0.1
to 0.375 units in length. The horizontal distance between point
d and hinge point # was X, =0.625 units in length. 4MPTA, the

correction amount of MPTA after each surgery.

using an analysis of variance test for the continuous variables
with a normal distribution and a Kruskal-Wallis test for the
continuous variables with a nonnormal distribution. Results with
a 2-tailed P value <0.05 were considered statistically significant.

Results

The demographic characteristics did not differ significantly
among the 3 groups (7able 1). The inter- and intrarater
reliabilities were satisfactory for the parameters, including
the AMPTA (0.96 and 0.97) and the opening angle (0.96 and
0.97). No significant difference was observed in terms of
the average AMPTA among the 3 groups (9.4+2.9°, 9.4+3.5°,
and 9.3+3.0° for groups L, C, and M, respectively). The
opening angle of the osteotomy gap differed significantly
among the 3 groups (P<0.01), with the largest value in
group M (29.7+11.1°) and the smallest value in group
L (16.9+5.3°). A comparison of the opening angles per
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Table 2 The correction amount of MPTA and the gap-opening angle in groups L, C, and M
Iltems Group M Group C Group L P value
AMPTA (°) 9.3+3.0 9.4+3.5 9.4+2.9 n.s.
Opening angle (°) 29.7+11.1 20.6+7.2 16.9+5.3 <0.01
Opening angle per AMPTA 3.2+0.5 2.2+0.2 1.8+0.2 <0.01

Data are shown as mean + SD. AMPTA, the correction amount of MPTA after each surgery; AMPTA = post-MPTA - pre-MPTA; opening
angle, the angle formed between 2 osteotomy lines after osteotomy gap opening; opening angle per AMPTA = opening angle/AMPTA; n.s.,
nonsignificant; group M, the knees with the hinge points selected medial to the center of the intercondylar eminence; group C, the knees
with the hinge points selected at the center of the intercondylar eminence; group L, the knees with the hinge points selected lateral to the

center of the intercondylar eminence.

the 4MPTA revealed a similar pattern, with significant
differences across the 3 groups (P<0.01; Table 2).

Development of a simple and effective geometric model for
surgical simulation and matbematical description

A 2-dimensional (2D) schematic model of genu varum is
shown in Figure 3, and the simulated realignment process at
the coronal plane is shown in Figure 4. The opening angle
with the hinge point at the lateral beak of the intercondylar
eminence (a,) was the smallest, while the gap opening angle

with the hinge point at the medial beak of the intercondylar
eminence (a,) was the largest.

Quantitative verification of the bypotbesis that the hinge
point at the lateral beak of the intercondylar eminence
leads to the smallest gap opening angle

Mathematical equations for predicting the opening angle a,,
o, and a, (°), with different hinge points 4, b, and ¢ selected,
were calculated by MATLAB R2020b. The detailed

formulae are provided as follows:

180 50><k780><Xp><k71000><Xp><k27(2><k725)><\/71600><X;><k2+160><Xp><k+629><k2+625+4
| =——Xarccos [2]
7 629 (k> +1)
34><k—80><Xp><k—680><Xp><k2—(2><k—17)><\/—1600><X§><k2+160><Xp><k+293><k2+289+4
Q, =——Xarccos 5 3]
7 293x(k>+1)
18><k—80><Xp><k—360><Xpxkz—(2xk—9)><\/—1600xX§><k2+160xprk+85><k2+81+4
0, =——Xarccos 3 (4]
7 85x(k” +1)

The variable % was defined as follows: k = tan (AMPTA).

The variable Xp was defined as the horizontal distance
between point M and the selected hinge points 4, b, and c.

The mathematical relationship between the opening
angle and the location of the hinge point is shown in
Figure 6. Xp ranged from 0.1 to 0.375 units in length when
hinge point # was selected, from 0.3 to 0.575 units in length
when hinge point & was selected, and from 0.5 to 0.775
units in length when hinge point ¢ was selected. As the
AMPTA increased gradually from 5° to 35° in increments of
3.333°, the opening angle of the bony fragment increased

© Annals of Translational Medicine. All rights reserved.

correspondingly. In relation to the opening angle required
with a certain value of the AMPTA, the function image
suggested that the opening angle with the hinge at the
lateral beak of the intercondylar eminence (the curve
plotted in red) was always the smallest, while the opening
angle with the hinge at the medial beak of the intercondylar
eminence (the curve plotted in green) was always the
largest. It should be noted that the TCVO procedure with
the hinge at the medial beak of the intercondylar eminence
had limited capacity to achieve a satisfying correction angle.
As shown by the curve plotted in green, the largest value

Ann Transl Med 2022;10(23):1267 | https://dx.doi.org/10.21037/atm-22-2022
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Figure 6 Function curves explaining the relationship between the opening angle and the hinge position. Xp ranged from 0.1 to 0.375, from

0.3 to 0.575, and from 0.5 to 0.775 units in length for hinge points 4, &, and ¢, respectively. Under a certain value of AMPTA, the opening

angle with the hinge at the lateral beak of the intercondylar eminence (the curve plotted in red) was always the lowest, while the opening

angle with the hinge at the medial beak of the intercondylar eminence (the curve plotted in green) was always the largest. Xp, the horizontal

distance between point M and each candidate hinge point #, b, and ¢; AMPTA, the correction amount of MPTA after each surgery.

of the opening angle approached infinity, and no value of
the opening angle could be determined when a large scale
of the AMPTA (28.33°, 31.67°, and 35°) was required. (For
further details of the MATLAB code, see the Appendix 1).

Discussion

The most important finding of the present study was that
preoperative deformity and the hinge position correlated
with the degree of gap opening during TCVO. Additionally,
the opening angle with the hinge point at the lateral beak
of the intercondylar eminence was the lowest compared
to the hinge point at the center or the medial beak of the
intercondylar eminence.

Importance of choosing the hinge point at the lateral
part of the tibial plateau that results in a relatively small
opening angle during TCVO

With the gradual opening of the osteotomy gap, the

© Annals of Translational Medicine. All rights reserved.

horizontal distance between the proximal fragments,
distal fragments, and the bone-plate clearance increase
correspondingly (11,12,15). A bone-plate mismatch may
increase the risk of implant failure from, for example,
locking pin backout or screw breakage after tibial
osteotomy (18-20). Screws and bone plates must bear a
large mechanical load to support the “artificially caused”
fracture fixation. An appropriate hinge position with the
smallest opening gap ensures adequate structural stability,
which is essential for minimizing the risk of nonunion
and maintaining the corrected alignment, especially when
encouraging early weight-bearing that will benefit bone
healing at the osteotomy site. A recent study revealed that
TCVO required a larger gap opening magnitude than did
OWHTO when MPTA was corrected to the same extent.
Thus, OWHTO has more advantages in angle correction,
but this capacity is limited in TCVO (8). Kuwashima
et al. also demonstrated that compared to OWHTO,
TCVO requires more degrees of gap opening for angle
correction (5). As TCVO can be regarded as a special form
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of OWHTO, with hinge point positioned more medially
than in OWHTO, it was speculated that selecting the
lateral part for the hinge point would lead to a relatively
small opening angle when raising the gap.

Development of a simple and effective geometric model for
surgical simulation and mathematical description

To gather evidence supporting this hypothesis, surgical
simulations with clear mathematical expressions were
considered appropriate. Improvements in image
identification technology together with the incorporation
of computer navigation, 3-dimensional (3D) visualized
simulation, and the use of other technical advances have
increased the applicability of OWHTO and enabled
accurate preoperative planning and better outcome
predictability (21-23). However, almost no research into
the related field of TCVO has been conducted, nor has
any research been conducted on the definite selection of
the hinge position and its relationship to the magnitude of
the gap opening during this procedure. This may be due
to the lack of a simple and effective preoperative planning
model. Paley et 4. described basic concepts of the deformity
analysis which included the following 3 key questions (24):
(I) Does the patient present a bony deformity? (II) Where is
the center of rotation angulation (CORA)? (IIT) What is the
degree of the corrective angle?

Anatomical or mechanical axes have been applied in
various preoperative planning methods for OWHTO (25).
Based on these methods and principles, a geometrical model
with a particular focus on the hinge position and correction
angle (the change in MPTA) was developed in this study.
This geometrical model with pre- and postoperative tibial
joint lines is advantageous, as the surgeon can outline a
moving trace of the osteotomized bony fragments until
alignment is satisfactory while observing intra-articular
incongruency. This model also conforms to Paley’s
principles in terms of deformity correction (24). Similarly, a
different geometrical model with the same principle could
be employed when planning a DFOTO procedure (distal
femoral osteotomy associated with the isolated TCVO) or
a DLOTO procedure (double-level osteotomy associated
with TCVO), but this was not investigated in this study.
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Quantitative verification of the hypothesis that the binge
point at the lateral beak of the intercondylar eminence will
lead to the smallest gap opening angle

The surgical realignment simulation supported the
preliminary hypothesis. The quantified results for the
geometrical calculation of the opening gap with 3 different
hinge positions under allocated Cartesian coordinates
are encouraging. Through MATLAB programming,
mathematical equations with parameterized geometrical
factors of TCVO were successfully derived. The hypothesis
that the hinge point at the lateral beak of the intercondylar
eminence leads to the lowest opening angle during
TCVO was thus confirmed. The accurate identification
of indications and a detailed surgical plan ensure effective
correction and proper alignment. The adage “measure
with a microscope, mark with chalk, and cut with an axe”
describes the crucial role of attempting to ensure accuracy
during OWHTO (25). This is also true in the context
of TCVO.

Additional procedures may be essential for cases with large
opening gaps

Due to the challenge of unfavorable structural conditions
of open-wedge osteotomy, complications, such as loss
of correction, hinge fracture, and hardware failure, are
common, especially for cases with large correction angles
(10,18,19). Chieh-Szu Yang ez a/. introduced the additional
insertion of a pretensioned opposite lag screw from the
lateral cortex upward to the region beneath the medial
plateau at an orientation of approximately 38.5° oblique to
the transverse plane and 50° oblique to the coronal plane to
improve the structural stability by providing an internally
stiffer support against the outer physiological loads in
OWHTO. A biomechanical evaluation of the finite element
model provided evidence of its utility in preventing the
aforementioned complications (20). A similar procedure
with the opposite screw inserted may serve as a protective
strategy for patients undergoing TCVO with large
correction angles. Obviously, positioning the hinge point
relatively laterally on the tibial plateau increases the contact
area between the opposite screw and the region beneath the
medial plateau, which can provide a greater pretension force
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from the lag screw and share the partial mechanical load
from the conventional assignment of the locking screws and
bone plate.

The proper fitting of the plate to the bony surface
is essential for the appropriate and effective delivery of
physiological stress, which prevents a loss of fixation stability
and plate fracture (13-15,26). Previous biomechanical
studies have also revealed that a large clearance between the
locking plate and the bone beneath the plate is associated
with a greater concentration of stress at the construct,
increased pressure at the lateral hinge, and weakened axial
stiffness (27-29). It has been recommended that bone-plate
clearance be kept at a distance of no more than 5 mm to
maintain the regional periosteal blood supply and allow a
mechanically stable environment for fracture healing (29).
Solomin et 4. performed OWHTO simulations on the genu
varum with different values of MPTA (from 40° to 85°) and
found that in the cases with a preoperative MPTA <70°, the
distance between the lower edge of the fixation plate and
the medial surface of the tibia exceeded 11 mm, resulting
in unacceptable soft-tissue tension around the plate (12).
Yoo et al. conducted a 3D analysis to investigate 69 cases
of OWHTO and found that after OWHTO, the surface
curvature of the medial bony contour line at the coronal
plane tended to decrease from the proximal to the distal
direction (11). According to Paley’s concept, for severe genu
varum with intra-articular deformity, the performance of a
corrective osteotomy at the level away from CORA requires
the transverse movement of the distal bony fragment to
align the proximal and distal axes of the relevant bone
segments (24). As more gap-opening degrees are required
for an angle correction than for OWHTO, the anatomy of
the medial aspect of the proximal tibia undergoing TCVO
displays the same pattern, but to a greater degree (5,8).

The patient- and TCVO-specific features at the
osteotomy site made it difficult to fit a factory-made
locking plate with tibial geometry, and a large bone-plate
clearance is unavoidable, especially when the AMPTA is
large. To address this issue, intraoperative plate contouring
at both ends of the opening gap may help to fit the surface
geometry. However, the accuracy of this technique is rather
low and requires the surgeon to be proficient (15). The
application of the circular external fixator or additional
fixation on the more medial aspect of the tibia would be
necessary but would increase the surgical difficulty and
costs (11,30). Customized and patient-specific implants
fabricated by a 3D-printing technique might ensure
satisfactory contouring, but this method is often criticized
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for its high costs and low fatigue strength (15,31). Unlike
the incomplete osteotomy of OWHTO, which has an
intact lateral cortex for supporting the construct after
surgery, TCVO can be regarded as a complete osteotomy
with a proximal tibial fracture. Thus, further research is
needed to develop a fixation technique that meets the strict
requirements of construct stability in TCVO.

Limitations

This study had several limitations. First, it was conducted
via a retrospective investigation and innovative geometrical
analysis. Thus, clinical trials need to be conducted to
confirm the clinical significance of our observations.
Second, the models were only studied under static and
normal conditions. The dynamic moving track of the
osteotomized bony fragments under complex loading
conditions in each spatial plane requires further study.
Third, the biomechanical performance of TCVO under
3 different conditions should be examined. Further research
needs to be conducted to provide a virtual biomechanical
evaluation of different hinge positions during TCVO.

Conclusions

"This study showed that the hinge point at the lateral margin
of the intercondylar eminence led to the smallest gap-
opening angle during TCVO. The relationship between the
magnitude of the gap opening and different hinge points,
as determined by this retrospective clinical study, simulated
geometric model, and mathematic analysis provides a
deeper understanding of hinge point selection during
TCVO.
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