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Objective: During the transtibial posterior cruciate ligament (PCL) reconstruction, surgeons commonly pay more atten-
tion to the graft turning angle in the sagittal plane (GASP), but the graft turning angle in the coronal plane (GACP) is
always neglected. This study hypothesized that the three-dimensional (3D) killer turn angle was determined by both
the GASP and GACP, and aimed to quantitively analyze the effects of the GASP and GACP on the 3D killer turn angle.

Methods: This was an in-vitro computer simulation study of transtibial PCL reconstruction using 3D knee models.
Patients with knee injuries who were CT scanned were selected from the CT database (April 2019 to January 2021) at
a local hospital for reviewing. A total of 60 3D knees were simulated based on the knees’ CT data. The femoral and
tibial PCL attachment were located on the 3D knee model using the Rhinoceros software. The tibial tunnels were simu-
lated based on different GASP and GACP. The effects of the GASP and GACP on the 3D killer turn angle were quantita-
tively analyzed. One-way analysis of variance was used to compare the outcomes in different groups. The regression
analysis was performed to identify variables of the GASP and GACP which significantly affected 3D killer turn angle.

Results: The 3D killer turn angle showed a significant proportional relationship not only with the GASP (r* > 0.868,
P < 0.001), but also with the GACP (r* > 0.467, P < 0.001). Every 10° change of the GACP caused 2.8° to 4.4°
change of the 3D killer turn angle, whereas every 10° change of the GASP caused 6.4° to 9.2° change of the 3D killer
turn angle.

Conclusions: The 3D killer turn angle was significantly affected by both the GASP and GACP. During the transtibial
PCL reconstruction, the proximal anterolateral tibial tunnel approach could increase the 3D killer turn angle more obvi-
ously compared with the most distal anteromedial tibial tunnel approach. To minimize the Killer turn effect, both the
GASP and GACP were required to be considered to increase.
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Introduction

rthroscopic reconstruction of posterior cruciate liga-

ment (PCL) using transtibial technique is one of the
most common surgical procedures to restore the stability of
knee joint after PCL injury."> However, a number of patients
have shown unsatisfactory clinical outcomes after the PCL
reconstruction, and the required surgical revision rate has
reached 26%.>* One of the important reasons associated with
the unforeseen postoperative outcomes is the unavoidable
abrasion on the graft caused by the “killer turn,” which is a
sharp angle created by the graft and tibial tunnel at the
intraarticular aperture of the tunnel.>>°

In clinical practice, killer turn is commonly deemed as
the graft turning angle in sagittal plane (GASP). Surgeons
prefer to increase the GASP to mitigate the graft abrasion of
the transtibial PCL reconstruction.” ® Nevertheless, the real
killer turn angle is the graft angulation in three-dimensional
(3D) space. Theoretically, the 3D killer turn angle will be
varied when the graft turning angle is changed in the sagittal
and coronal planes. Consequently, similar to the GASP, the
graft turning angle in coronal plane (GACP) might also be a
critical factor affecting the 3D killer turn angle (Fig. 1). How-
ever, to date, the effects of the GASP and GACP on the 3D
killer turn angle remain unclear.

Although previous studies have used cadaveric and
biomechanical models to evaluate the killer turn angle, few
studies quantitively analyzed this angle.” Due to the limita-
tions of the cadaveric and biomechanical models, the effect
of the varied tibial tunnel approach on the 3D Kkiller turn
angle is often not accurately analyzed.'® Fortunately, a novel
method of the 3D knee model establishes an in-vitro virtual
simulation technique, which provides great advantages in

Fig. 1 Schematic of the graft angulation in the sagittal plane and the
coronal plane. (A) The graft angulation in the sagittal plane; (B) The
graft angulation in the coronal plane
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precise quantitative analysis and credible repeatability.''~"?

Based on the 3D knee model, the location of the PCL attach-
ment could be precisely located,'* the tibial tunnel could be
monitored in real time, and the 3D killer turn angle, GASP
and GACP could be accurately measured and analyzed.

During the transtibial PCL reconstruction, the GASP
and GACP are determined by the placement of the tibial
tunnel. Increasing the angle between the tibial tunnel and
tibial plateau is correlated with a greater GASP, and using
the anterolateral tibial tunnel approach is correlated with a
greater GACP. Both the surgical procedures to place the tib-
ial tunnel are undoubtedly affecting the 3D Kkiller turn
angle.”"” Therefore, knowing how the GASP and GACP
affects the 3D Kkiller turn angle could help in exploring the
optimal tibial tunnel approach. Surgeons could adjust the
tibial tunnel entry point based on the effects of the GASP
and GACP on the 3D killer turn to reduce the killer turn
effect maximally. In this study, the purposes were to:
(i) analyze the effects of the GASP and GACP on the 3D
killer turn angle in the transtibial PCL reconstruction; and
(ii) explore the optimal tibial tunnel approach that could
maximize the 3D Kkiller turn angle. The hypothesis of the
study was that the 3D Kkiller turn angle was determined by
both the GASP and GACP, and surgeons could adjust the
GASP and GACP to minimize the killer turn effect.

Methods

his is a computer simulation study of transtibial PCL

reconstruction using 3D knee models. This study was
approved by the regional ethics committee (2021A-169).
Three hundred thirty six patients who were CT scanned for
knee injuries over a two-year period from 2019 to 2021 in
local hospital were retrospectively reviewed. The inclusion
criteria in this study were as follows: (i) patients with knee
injury; (ii) age of patients ranged from 18 to 60 years;
(iii) the CT images with ultrahigh resolution which could be
used for accurate 3D model simulation and clearly identified
the tibial PCL attachment; and (iv) Kellgren-Lawrence grade
less than 1;° Exclusion criteria were: CT images showed with
morphological abnormalities or dysplasia, fractures, history
of knee surgery and soft tissue injuries. Lastly, 60 knee joints’
CT images were included in this study. Table 1 shows the
patient demographic data.

Establishment of 3D Knee Joint Model

All included patients underwent routine clinical knee CT
performed on a 64-multidetector-row CT (SOMATOM Sen-
sation, Siemens AG, Munich, Germany). Scanning parame-
ters included a gantry rotation speed of 1.00 s/rotation,
0.625 mm collimation width x 12 detectors, a CT pitch fac-
tor of 0.90, and a field of view of 25-30 cm. The CT dose
index (CTDI) volume was 20.9 mGy. The CT images were
imported in Digital Imaging and Communications in Medi-
cine (DICOM) format. The DICOM images were processed
in MIMICS software (Materialise, Leuven, Belgium) to
obtain the 3D model of the knee joint, and the coordinate
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data was imported to the Rhinoceros 3D modeling software
(Rhino 7, Robert McNeel and Associates for Windows,
Washington DC, USA) for measurements of spatial images.

Location of the Femoral and Tibial PCL Attachments
In this study, the midpoint of the anterolateral bundle (ALB)
and posteromedial bundle (PMB) on the medial femoral
condyle was defined as the center of the femoral PCL attach-
ment to simplify the measurement. By rotating the knee
model on 3D perspective to strictly overlap the medial and
lateral femoral condyles on Rhino software, the true lateral
and anteroposterior (AP) view of the femur was acquired
(Fig. 2A,B). Line A intersecting with the intercondylar apex
and perpendicular to the distal margins of the femoral con-
dyles (distal condyle line) was drawn at the AP view
(Fig. 2A). Using line A to cut the femur at the AP view, the
femoral sagittal section was obtained. Subsequently, the
Blumensaat’s line could be drawn on the femoral sagittal
section at the lateral view (Fig. 2B).

By referring to the study of Johannsen et al'® (the
ALB center and PMB center were respectively located
14.1 mm and 15.8 mm superior to the distal condyle line,

TABLE 1 Patient demographic data

Parameter Value [mean + SD (range)]
Number 60

Sex (male/female) 17:43

Age (years) 35.5+ 7.1 (18-51)
Height (m) 1.65 + 0.1 (1.44-1.89)
Weight (kg) 65.7 + 13.3 (39.9-94.2)
BMI (kg/m?) 24.2 + 3.9 (15.9-33)

distal condyle line distal condyle line
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and  respectively located 47 mm and 10.7 mm
posteroinferior from the Blumensaat line), the projection of
the center point of the femoral PCL attachment was drawn
15 cm superior to the distal condyle line and 7.7 cm
posteroinferior to the Blumensaat’s line on the lateral view.
The real femoral PCL point was then obtained by using the
projection function of the Rhinoceros software (Fig. 2C).

The grayscale value of the CT image was manually
adjusted to show the tibial PCL attachment clearly, where
the site was widest and inclusive on the sagittal CT image. A
point on the tibial attachment center was then marked. A 3D

# " tibial PCL attachment
center point

Fig. 3 The center point of the PCL attachment was determined on the
sagittal-plane of the knee’s CT image

Fig. 2 The method to obtain the femoral PCL attachment site. (A) Line A perpendicular to the tangent line of the distal margins was used to cut the
femur in the AP view to obtain the section A; (B) Based on the section A, the Blumensaat’s line could be drawn on the lateral view of the femur.

(C) The real femoral PCL point was then obtained by using the projection function of the Rhinoceros software
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coordinate of the tibial attachment center point was acquired
on the Mimics software and imported in to the Rhinoceros
3D modeling software. The exit point of the tibial tunnel in
transtibial PCL reconstruction was then obtained (Fig. 3).

Simulation of Tibial Tunnels for Transtibial PCL
Reconstruction

In this study, the referenced plane for simulating the tibial
tunnels was the medial tibial plateau plane. The steps to cre-
ate the referenced plane were as follows. First, using a best-
fit circle tangent to the cortical edge of medial tibial plateau
to produce three tangent points (the peak point of the ante-
rior side of the medial tibial plateau; the most medial point
of the tibial plateau; the peak point on the posterior side of
the medial tibial plateau). Second, these three points were
imported into the Rhinoceros 3D modeling software to gen-
erate the medial tibial plateau plane (Fig. 4A).'”'® Third, the
tibial plateau plane was translated inferior to intersect with

exit point
b, =

T Hiree
tangent
points

“«
best fit circle
entry poi

femoral PCL attachment

oblique
ibial
section
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the exit point of the tibial tunnel, and this plane was defined
as plane A. In this way, the angle of tibial tunnel relative to
plane A and tibial plateau plane was equally when simulate
tibial tunnels (Fig. 4B).

In this study, the five tibial tunnels at an angle of 40°
relative to the plane A in sagittal plane were simulated. The
entire processes were as follows. First, through the exit point
of the tibial tunnel, a straight line at an angle of 40° relative
to the plane A was drawn in the lateral view. Using this line
to cut the tibia in the lateral view, an oblique tibial
section was then created (the angle between the oblique tibial
section and plane A was 40°) (Fig. 4B,E). Second, the most
anterior point of the tibial crest on the oblique tibial
section and the tibial tunnel exit point was connected by 0°
line (the 0° line was defined as the center line of the tibial
tunnel and the entry point was located on the most anterior
part of the tibial crest (Fig. 4E). Third, four entry points of
the tibial tunnel were marked on the edge of the oblique

entry point

40°
45°
50°
55¢

@ 60°

Fig. 4 The method to measure the GASP, GACP and 3D Kkiller turn angle (right knee). (A) 0° line was used to cut the tibia on the axial view to obtain
the sagittal section of the tibia. Tibial plateau plane was created by using the best-it circle. Three tangent points were the tangent points between
the best-fit circle and the medial tibial plateau. (B) 40° line was defined as the center line of the tibial tunnel with the entry point on the most anterior
tibial crest, and the line relative to the tibial plateau was 40°. Plane A was crossing the tibial tunnel exit point and paralleling to the tibial plateau.

(C) Based on outcome of the Fig. 2, the 3D killer turn angle could be measured by using the Rhinoceros 3D modeling software; (D) The GASP could
be measured in the tibial sagittal section. ATP was the angle between the plane A and the tibial tunnel in the sagittal plane. (E) The GACP could be
measured in the AP view. The oblique tibial section (in AP view) was obtained by using the 40° line to cut the tibia in the sagittal plane. ATO was the
angle between the tibial tunnel and the 0°line in the AP view. (F) and (G) The same method as the (D) and (E) to measure the GASP and GACP of all
tibial tunnel approaches
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tibial section. From the anteromedial to the anterolateral, the
angle of the tibial tunnel center lines between the 0° line
were —30°, —15°, 15° and 30° respectively. The angle of
these five tibial tunnels relative to plane A was 40° in lateral
view (sagittal plane) (Fig. 4D,E). The angle between the tibial
tunnel and plane A in the sagittal plane was defined as ATP,
the angle between the tibial tunnel and 0° line in the coronal
plane was define as ATO (Fig, 4D,E). The above procedures
were performed continually to simulate the tibial tunnel cen-
ter lines when the angle between the tibial tunnels and plane
A were 45°, 50°, 55° and 60°, respectively (Fig. 4F,G).

Outcome Measurements

GASPs, GACPs and 3D killer turn angles were measured in
this study, respectively. The angle between the center line of the
tibial tunnel and the connecting line of the PCL attachment site
on the femur and tibia in the sagittal plane was defined as
GASP, in the coronal plane was defined as GACP, and in the
3D space was defined as 3D killer turn angle (Fig. 4C-E).

Assessment of Methodological Quality

Two board-certified orthopedic surgeons were trained to
undertake the measurements. Observer 1 selected 60 knee
joints based on the inclusion criteria from the CT image
database and undertook the measurement work. After
1 month, Observer 2 remeasured all the specimens to ensure

3D KiLLER TURN ANGLE IN TRANSTIBIAL PCL RECONSTRUCTION

the inter-observer reliability. If any disagreement existed between
the observers, the third author would participate in the discus-
sion until a consensus was reached. Intra-observer reliability was
calculated using intraclass correlation coefficient (ICC).
ICC < 0.40 was considered poor agreement; 0.4 <ICC < 0.75
was considered fair to good agreement; ICC > 0.75 was consid-
ered excellent agreement.'™”’ Intraclass correlation has shown
excellent intraindividual agreements in this study, and the coeffi-
cients ranged from 0.91 to 0.95.

Statistical Analysis

Based on pre-experiment data, the minimum sample size in
this study was 50, which was calculated by the G*Power soft-
ware (version 3.1.9, Heinrich Heine University, Diisseldorf,
Germany) using the F test function (one-way analysis of var-
iance (ANOVA): fixed effects, omnibus, one-way) (effect
size = 0.61; 1-p err prob. = 0.9; a = 0.05). All data were
processed by SPSS software (version 26.0, IBM, Chicago, IL,
USA). The results were presented as an arithmetic
mean =+ standard deviation. Using ANOVA to compare the
outcomes in different groups, P < 0.05 was considered statis-
tically significant. In order to explore the optimal tibial tun-
nel approach, the GraphPad Prism (version 9; GraphPad
Software, San Diego, CA, USA) software was used to process
the single regression analysis to identify the effects of GASP
on the 3D killer turn angle when the GACP was fixed, and

TABLE 2 GASP, GACP and 3D killer turn angle in different tibial tunnel approaches

Parameter mean standard + deviation
Groups 40° 45° 50° 55° 60°
—-30° GASP 95.2 +8.1 100.2 + 8.1 105.2 + 8.1 110.2+8.1 115.2 + 8.1
GACP 114.8 + 6.1 1148 +6.1 114.8 + 6.1 1148 +6.1 114.8 + 6.1
3D angle 85.6 £ 6.5 88.3+6.4 91+6.4 93.7 £ 6.3 96.2 + 6.2
t value GASP vs. 3D angle 7.161 8.89 10.646 12.481 14.396
GACP vs. 3D angle 25.088 22.93 20.717 18.552 16.422
—15° GASP 95.2 +8.1 100.2 + 8.1 105.2 + 8.1 110.2+8.1 115.2 +8.1
GACP 129.8 + 6.1 129.8 + 6.1 129.8 + 6.1 129.8 +5.1 129.8 + 6.1
3D angle 90.2 + 6.7 93.7 + 6.6 97.2 + 6.6 100.6 + 6.5 104 + 6.5
t value GASP vs. 3D angle 3.714 4.82 5.963 7.153 8.404
GACP vs. 3D angle 33.572 30.752 27.42 25.636 22.353
0° GASP 952 +8.1 100.2 + 8.1 105.2 + 8.1 110.2+8.1 115.2 + 8.1
GACP 144.8 + 6.1 1448 + 6.1 144.8 + 6.1 144.8 + 6.1 144.8 + 6.1
3D angle 94.4 +6.8* 98.5 + 6.8 * 102.7 + 6.8 * 106.8 + 6.7 110.9 + 6.7
t value GASP vs. 3D angle 0.637 1.237 1.855 2.493 3.174
GACP vs. 3D angle 42.341 38.933 35.546 32.132 28.771
15° GASP 95.2 +8.1 100.2 + 8.1 105.2 + 8.1 110.2+8.1 115.2 + 8.1
GACP 159.8 + 6.1 159.8 + 6.1 159.8 + 6.1 159.8 + 6.1 159.8 + 6.1
3D angle 98.5 + 6.9 103.3 + 6.9 108 + 6.9 112.7 + 6.9 * 117.3+6.9 *
t value GASP vs. 3D angle —2.354 —2.183 —1.983 —1.748 —1.485
GACP vs. 3D angle 51.14 47.204 43.329 39.594 35.593
30° GASP 95.2 +8.1 100.2 + 8.1 105.2 + 8.1 110.2+8.1 115.2 + 8.1
GACP 174.8 + 6.1 1748 +6.1 174.8 + 6.1 1748 +6.1 174.8 + 6.1
3D angle 102.9 + 6.9 108.1 + 6.9 113.2 +6.9 118.2 + 6.9 1229+ 7
t value GASP vs. 3D angle —5.555 —5.706 -5.786 -5.716 —5.555
GACP vs. 3D angle 58.847 55.44 51.302 47.097 43.074
Note: 3D killer turn angle group compared to the GASP group. p > 0.05 *; 3D killer turn angle (3D angle).
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Effect of the GACP on the 3D graft angulation in the same GASP
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Fig. 5 The linear relationship and the best-fit equations between the 3D killer turn angle and GASP when the GACP was fixed, and the GACP when

the GASP was fixed

effects of GACP on the 3D Kkiller turn angle when the GASP
was fixed. Goodness of fit was evaluated by coefficients of
determination ().

Result
able 2 shows the mean values were ranged from 85.6° to
122.9° for 3D Kkiller turn angle, ranged from 95.2° to
1152° for GASP, and ranged from 114.8° to 174.8°
for GACP.

The Impact of the GASP to the 3D Killer Turn Angle

The 3D killer turn angle became significantly less acute as
the GASP increased when the GACP was fixed (P < 0.05).
The 3D killer turn angle was significantly different from the
GASP (P < 0.05). When the ATO in the coronal plane was
—30°, the ATP changed from 40° to 60° in the sagittal plane
caused the 3D killer turn angle increase 10.6°. Whereas when
the ATO in the coronal plane was 30°, the ATP changed
from 40° to 60° in the sagittal plane caused the 3D Kkiller
turn angle increase 20° (Table 2).

The Impact of the GACP to the 3D Killer Turn Angle

The 3D killer turn angle became significantly less acute as
the GACP increased when the GASP was fixed (P < 0.05).
The 3D killer turn angle was significantly different from the
GACP (P < 0.05). When the ATP in the sagittal plane was
40°, the ATO changed from —30° to 30° in the coronal
plane caused the 3D killer turn angle increase 17.4°. Whereas
when the ATP in the sagittal plane was 60°, the ATO chan-
ged from —30° to 30° in the coronal plane caused the 3D
killer turn angle increase 26.7° (Table 2).

Regression Analysis

There was a significant proportional relationship between
the GASP and 3D killer turn angle when the GACP was
fixed (r* = 0.868 to 0.994; P <0.001), and between the
GACP and 3D killer turn angle when the GASP was fixed
(r* = 0.467 to 0.771; p < 0.001). Every 10° change of the
GACP caused 2.8°to 4.4° change of the 3D killer turn angle
when the GASP was fixed. Every 10° change of the GASP
caused 6.4° to 9.2° change of the 3D Kkiller turn angle when
the GACP was fixed. According to the Fig, 5A,B, the slope
value of the equations was gradually increased (the slope
determined amount of change in the y-axis for a 1-unit
change in the x-axis), which implied as the GASP became
larger, the impact of the GACP to the 3D Kkiller turn angle
increased, and as the GACP became larger, the impact of the
GASP to the 3D killer turn angle increased.

Discussion

he most important finding of this study is that the 3D

killer turn angle is determined by both the GASP and
GACP and is significantly different from the GASP and
GACP. Therefore, surgeons and researches should not sim-
ply deem the GASP or GACP as the 3D killer turn angle.
During the PCL reconstruction, both the effects of the GASP
and GACP on the 3D Kkiller turn angle should be considered
to place the tibial tunnel.

The Effects of the GASP and GACP on the 3D Killer

Turn Angle

In this study, the results have showed that not only the
GASP should be considered to increase the 3D killer turn
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angle during the transtibial PCL reconstruction, but also the
GACP. In addition, the impact of the GACP to the 3D killer
turn angle would be increased as the GASP became greater,
and the impact of the GASP to the 3D killer turn angle
would be increased as the GACP became greater. Predictably,
increasing the tibial guide angle in the sagittal plane com-
bined with using the anterolateral tibial tunnel approach
might reduce the killer turn effect maximumly.

Previous studies have revealed, the killer turn will
result compression force concentrated on the graft at the
bone-tunnel margin of the proximal tibia. Huang et al.” have
built a mathematic model and found that a sharper graft
angulation is correlated with a higher graft compressive force
(F = 2 x T x cos(6/2), F: compression force; T: graft ten-
sion; O: killer turn angle). Therefore, the variation of the 3D
killer turn angle is also correlated to the variation of the
compression force on the proximal tibia. In this study, a sig-
nificant proportional relationship is found between the 3D
killer turn angle and the GASP, as well as the GACP. Conse-
quently, it could be concluded that the variation of the com-
pression force on the proximal tibia also have proportional
relationship with the variation of the GASP and GACP. In
other words, the compression force on the proximal tibia
would be decreased as the GASP and GASP increased.

Anterolateral Approach Compared to Anteromedial
Approach

A common method to reduce the killer turn effect is to
increase the angle between the tibial tunnel and the tibial
plateau in sagittal plane during the transtibial PCL recon-
struction. However, several studies have reported that this
angle could not be increased excessively, for the tibial poste-
rior wall may break and cause risk to the neurovascular bun-
dles in the posterior popliteal fossa.>*'™>> Recently, Teng
et al.'® have reported that the maximum tibial tunnel angle
(ATP) for the anteromedial approach in transtibial PCL
reconstruction is 58°.

According to the Table 2, the maximum value of the
3D killer turn angle in anteromedial approach could be
predicted between 100.6° to 104° when the ATP is 58°.
Regarding the anterolateral approach, the 3D killer turn
angle is 102.9° when the ATP is 40° and ATO is 30°. How-
ever, the recommendations for the tibial guide angle are
commonly greater than 40°.>** It could be concluded that
the most proximal anterolateral tibial tunnel approach could
increase the 3D killer turn angle more obviously compared
with the most distal anteromedial tibial tunnel approach.
Previously, some studies have suggested that a longer tibial
tunnel might aggravate the graft abrasion because of the
“bungee effect” and the “windshield wiper effect.”*>*® Also,
several studies have reported that the longer tibial tunnel will
lead to a less cancellous bone mass in the proximal half of
human tibias, and the ability of tendon-bone healing might
be also weakened.””*® ***''7>? Consequently, in terms of
providing a slighter graft abrasion and a better tendon-bone
healing, using the anterolateral tibial tunnel approach with a
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proximal entrance is superior to increase the GASP in
anteromedial approach. This is important information for
surgeons to select the tibial tunnel approach and for
researchers to study the optimal tibial tunnel more compre-
hensively in the future.

The Optimal Tibial Tunnel Approach to Minimize the
Killer Turn Effect
Thus far, the studies based on the coronal plane to reduce
the killer turn effect are lacking in transtibial PCL recon-
struction. Only a few researchers have noticed that the killer
turn angle is significantly increased by using the anterolateral
approach compared to the anteromedial approach. By study-
ing the knee joint of cadavers and establishing mathematical
models, Huang et al.” reported that the killer turn angle was
114.4° for the anterolateral route and 81.0° for the
anteromedial route. Kim et al.”’ also proved this by finite ele-
ment analysis and biomechanical experiments. In the mean-
while, they found that the von Mises stresses (commonly
used to evaluate the structural stability) caused by the
anterolateral approach were less than caused by the
anteromedial tunnel by 33%. However, they have only com-
pared the anterolateral, central, and anteromedial tibial tun-
nel approach when the drill guide is oriented 45° to the long
axis of the tibia. Studies that combined the graft turning
angle in the sagittal plane and coronal plane to increase the
killer turn angle in the 3D space are rare. Also, the location
of the tibial tunnel approach varied in which plane could
more significantly impact the “killer turn” in 3D space has
not reached a consensus. To our knowledge, few studies have
proposed the concept of the graft turning angle in the coro-
nal plane, and few studies have quantitively analyzed the 3D
killer turn angle with different tibial tunnel approaches.

According to the results of this study, 3D killer turn
angle affected by the GASP is more than the GACP. Never-
theless, the shape of the tibial crest is an inverted triangle.
When the tibial tunnel approach changed from anteromedial
to the anterolateral, the required angle change in the coronal
plane is also found increased on the proximal tibia compared
to the distal tibia. The GACP could increase by 30° with the
tibial tunnel approach changing from anteromedial to the
anterolateral when the ATP is 60° in the sagittal plane
(GACP could increase by 60° with the tibial tunnel changing
from anteromedial to the anterolateral when the ATP is 40°
in the sagittal plane). It could be concluded that the 3D killer
turn angle could be increased from 13.3° to 16.9° when the
tibial tunnel approach changed from the anteromedial to the
anterolateral in the coronal plane. However, with regard to
the GASP, every 10° change caused 6.4° to 9.2° change of
the 3D killer turn angle when the GACP is fixed. It indicates
that changing the tibial tunnel approach from anteromedial
to anterolateral could provide a greater 3D killer turn angle
compared to only increase the GASP.

In the present study, using the anteromedial tibial tun-
nel approach does not minimize the killer turn effect even if
the GASP is increased to the maximum. Consequently, the
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killer turn effect should be further reduced in the
anterolateral approach. Also, the 3D killer turn angle is
found to be significantly increased as the GASP and GACP
increased. Therefore, increasing the GASP on the basis of
using the anterolateral approach can minimize the killer turn
effect. One step further, both the GASP and GACP are
required to be enlarged as much as possible.

Limitations

Our study has the following limitations: (i) this is a theoreti-
cal study, which needs basic biomechanical experiments to
verify the influence by the variation of the GASP and GACP
to the compression force on the proximal tibia. (ii) Some
simulated tibial tunnel approaches will not be used in clinical
practice, but our study just quantitively analyzed and com-
pared the effects of the variation of the GASP and GACP to
the 3D Kkiller turn angle. These tibial tunnel approaches could
provide an outcome to observe the changes of the relevant
parameters. (iii) The tibial PCL attachment site was located
by using the sagittal CT image, which might raise concerns
about the precision of the method.

Conclusions

he 3D killer turn angle is determined by both the GASP

and GACP. During the transtibial PCL reconstruction,
the proximal anterolateral tibial tunnel approach could
increase the 3D Kkiller turn angle more significant compared
with the most distal anteromedial tibial tunnel approach. To
minimize the killer turn effect, both the GASP and GACP
are required to increase. Future studies need to explore
whether maximizing the 3D killer turn angle could improve
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the surgical prognosis and reduce the revision rate for the
transtibial PCL reconstruction.
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