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We analyzed tunnel length, graft bending angle, and stress of the graft according to tunnel entry position and aspect ratio (ASR:
ratio of anteroposterior depth to mediolateral width) of the articular surface for the distal femur during single-bundle outside-in
anterior cruciate ligament reconstruction (ACLR) surgery. We performed multiflexible body dynamic analyses with four ASR (98,
105, 111, and 117%) knee models. The various ASRs were associated with approximately 1 mm changes in tunnel length. The graft
bending angle increased when the entry point was far from the lateral epicondyle and was larger when the ASR was smaller. The
graft was at maximum stress, 117% ASR, when the tunnel entry point was near the lateral epicondyle. The maximum stress value
at a 5mm distance from the lateral epicondyle was 3.5 times higher than the 15 mm entry position, and the cases set to 111% and
105% ASR showed 1.9 times higher stress values when at a 5 mm distance compared with a 15 mm distance. In the case set at 98%
ASR, the low-stress value showed a without-distance difference from the lateral epicondyle. Our results suggest that there is no
relationship between the ASR and femoral tunnel length. A smaller ASR causes a higher graft bending angle, and a larger ASR

causes greater stress in the graft.

1. Introduction

The anterior cruciate ligament (ACL) in the knee joint is a
frequently damaged ligament. An injured ACL has been
reported to not only cause functional instability of the knee
joint but also cause damage to the articular cartilage and sec-
ondary injuries to the peripheral tissue of the knee joint [1,
2]. Anterior cruciate ligament reconstruction (ACLR) is
often necessary to restore an injured ACL and to restore
patients to their normal activities. To date, clinical studies
have not shown that ACLR reliably prevents cartilage lesions
and restores knee stability to normal values [3, 4]. The
femoral tunnel position should be considered as an impor-
tant parameter when planning ACLR to restore knee sta-
bility [5, 6].

Various techniques for creating a femoral tunnel for
ACLR have been proposed and used, but the outside-in tech-
nique is used widely due to its various advantages [7]. The

outside-in tunnelling technique uses a specially designed
indicator to determine direction and entry point. The instru-
ment indicates the ACL footprint and the tunnel entry point
at the lateral epicondyle. The surgeon creates a tunnel by
drilling in the direction guided by the instrument, and the
operator can adjust the tunnel entry position at the lateral
epicondyle. Therefore, many studies have been conducted
on the effect of tunnel position on surgical outcome, and
the femoral tunnel position is an important parameter when
planning ACLR to restore knee stability [8]. Also, the femo-
ral tunnel position has been reported to influence biome-
chanical characteristics of an implanted graft, and it affects
knee function during postoperative rehabilitation [9]. Stud-
ies have been conducted to determine the optimal femoral
tunnel position during ACL surgery. Shino et al. attempted
to determine the anatomical femoral tunnel position of an
implanted graft using arthroscopy without bone incision in
patients with chronic ACL insufficiency [10]. Zauleck et al.
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analyzed the ACL footprint site based on the shape of the
lateral intercondylar ridge and the lateral bifurcate ridge
[11]. Nam-Ki and Jong-Min compared ACLR surgical
methods using the transtibial, anteromedial portal, and
outside-in techniques to determine the optimal femoral tun-
nel position [12]. However, these studies had limitations.
They only performed static analyses or simulations at certain
positions.

To address this issue, Kang and Bae conducted a study to
determine the femoral tunnel position under continuous
knee movement during ACLR surgery, although only one
knee model was used [6]. In contrast, there are numerous
studies of knee morphology in anatomy and orthopaedics
[13, 14]. Many morphological studies have been conducted
to design an optimal artificial joint shape. Sex differences,
population differences, and size mismatch were mainly stud-
ied, and the studies addressed the issue of anatomical char-
acteristics, aspect ratio (ASR: ratio of anteroposterior depth
to mediolateral width, as shown in Figure 1), and differences
among the knee [15, 16]. However, most of the biomechan-
ical studies were conducted without considering the knee
ASR. The objective of this study was to analyze the biome-
chanical effect of an implanted ACL graft by determining
the tunnel position according to the ASR of the distal femur
during flexion-extension motion. It was hypothesized that
the ASR is a major factor affecting the biomechanical stabil-
ity of ACLR surgery.

2. Materials and Methods

This study was conducted in compliance with the law about
the Act on Dissection and Preservation of Corpses of the
Republic of Korea (act number: 14885). All methods were
performed in accordance with the relevant guidelines and
regulations from the Catholic Institute for Applied Anatomy
(Project identification number: R19-A027). The CT images
used in this study were selected from the Catholic Digital
Human Library, which was constructed by CT scans of the
cadaver with the approval of the Institutional Review Board
of College of Medicine, the Catholic University of Korea
(No.: CUMCI10U161). Written informed consent for the
use of the cadaver and consent for the use of future research
on the related materials were provided by all donors or
authorized representatives.

2.1. Materials and Aspect Ratio Analysis. To analyze biome-
chanical characteristics according to the ASR of the knee
joint, samples were selected from the Catholic Digital
Human Library. The Catholic Digital Human Library is a
collection of CT images from whole bodies of cadavers
[17-19]. Only male samples were selected to exclude the
effects of gender [15, 20], and 89 samples were selected for
measurement. The mean age was 50.73 +9.99 years, and
the mean height was 165.22 + 6.30 cm. To generate the CT
images, the slice thickness was set to 0.75-1.0mm and the
pixel value was set to 0.345-0.832 mm. The obtained images
were reconstructed into 3D skeletal models using an image
based on a 3D reconstruction program (Mimics, Ver. 20;
Materialize, Belgium). Samples showed no congenital anom-
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FIGURE 1: Measurement parameters for calculating the ASR. fAP
indicates the height of the lateral condyle, and fML is the
mediolateral width at the intercondylar notch parallel to the
posterior condylar axis. ASR is defined as fML/fAP x 100.

alies or pathological deformities around the knee joint. The
maximum length parallel to the posterior condylar line was
defined as the mediolateral (fML) width, whereas the maxi-
mum lengths of the lateral femoral condyles perpendicular
to the posterior condylar line were defined as lateral antero-
posterior (fAP) heights, respectively (Figure 1). The ASR at
the distal femur was defined as the ratio of the height of
the lateral condyles and the maximal mediolateral width
(fML/fAP x 100, Figure 1). A small ASR indicates a circular
knee shape, and a large ASR indicates a mediolateral long
elliptical shape. After assessing the ASR range of the target
models, we categorized the models into four stages through
histogram analysis. The four representative models were
selected for each group and used as analytical models.

2.2. Kinematical Tracking for Continuous Flexion/Extension
of the Knee Joint. By capturing continuous movements of
knee flexion/extension and inputting the trajectory data for
knee movements to a computational analysis model, we
aimed to implement a continuous knee movement that is
different from the discrete knee movements reported in the
existing studies. First, the shape of the cadaver femur and
tibia was reconstructed with a 3D laser scanner (Faro Arm,
Lake Mary, FL, USA) [6]. Four male cadaver knees were
used. The mean age of the cadavers was 52.25 (44~60) years,
and the mean height was 167.25 (163~171) cm. To accu-
rately track knee flexion and extension motions, three
markers were attached to major landmarks on each femur
and tibia: the lateral collateral ligament attachment point,
the medial collateral ligament attachment point, and the
popliteal muscle-tendon complex. The kinematical data for
each marker were captured at 15° intervals using motion
capturing and image processing software (Geomagic 10,
3D System, Morrisville, USA). The 3-dimensional positions
of each marker were fit to the shape of the femur and knee.
Continuous knee movements were then extracted from dis-
crete kinematical data measured at 15-degree intervals using
the 5th-order spline interpolation technique to avoid unde-
sired oscillation of the kinematic data during the dynamic
simulation. During knee flexion and extension, the gap
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between the articular surfaces of the tibia and the femur was
set at 2mm (21, 22].

2.3. Three-Dimensional Multiflexible Body Dynamic Model
and Femoral and Tibial Tunnel Placement. In this study, a
reconstructed three-dimensional knee joint model based on
CT images was implemented using Mimics 20.0 (Material-
ize, Leuven, Belgium), and a dynamic analysis model was
generated that applied kinematical tracking data for the knee
that was already secured in the cadaver. In addition, this
study is aimed at gaining insight into the optimal surgical
site by analyzing the stress applied to the implanted ACL
graft considering ASR of the knee joint under continuous
motion. Therefore, the dynamic analysis model imple-
mented in this study was made into a multiflexible body
dynamic (MFBD) model that reduced analysis time by set-
ting the implanted ACL graft as a deformable flexible body
(finite element model) capable of being analyzed for stress
effects, and the implanted ACL graft was set as a rigid body.
For this, a model capable of MFBD analysis was imple-
mented using a commercial analysis program (RecurDyn
V9R1, FunctionBay, Korea) [6].

Next, in order to apply the outside-in surgical technique
to the implemented 3D MFBD model, we drilled a surgical
tunnel with 8 mm diameter suitable for the femur and tibia,
respectively, by using the analysis program’s editing tool. A
tibial tunnel was created through the proximal cross-
section using the anatomical axis measurement method on
anthropometric measurements, and the femoral footprint
was obtained from the sagittal plane using Bernard et al.’s
quadrant method [23, 24]. The starting point for the three
investigated femoral tunnels was the 45° posterior-proximal
angle with distances of 5mm (A), 10mm (B), and 15mm
(C) from the lateral femoral epicondyle, as recommended
by our previous analyses (Figure 2) [6].

2.4. Multiflexible Body Dynamic Analyses for Outside-In
ACLR Surgeries. Among ACLR techniques, the outside-in
method was adopted in this study. For this, both ends of
the graft were attached to the MFBD model with the femoral
and tibia tunnels. First, the implanted single-bundle ACL
graft was modeled as a cylindrical flexible body with a diam-
eter of 7.9 mm and a length of 100 mm, respectively [23, 25].
As mentioned earlier, the implanted ACL graft was designed
as a flexible body (finite element model), and the number of
elements was 5,594, the number of nodes was 6,520, and the
element size was 1 mm. The material properties of the
implanted ACL graft were set to 111 MPa Young’s modulus
and 0.46 Poisson ratio referred to existing studies [6, 26].
Next, the surface contact condition between the graft and
the inside of each tunnel was applied to avoid penetration
of each other. Since the implanted ACL graft was modeled
as a flexible body and the tunnels of the femur and tibia as
rigid bodies, the contact conditions were based on Hertz
contact theory to avoid boundary overlap. The contact stiff-
ness and contact damping were set to 10 N/mm and 0.0001,
respectively, at which the boundaries between the flexible
and rigid bodies did not overlap. The flexible body model
was fixed at the beginning of the tibial tunnel and femoral

tunnel using spring and bushing elements, respectively. A
bushing force (stiffness 226 N/mm) was applied functionally
to replace an interference screw at the starting point of the
tibial tunnel [27]. To prepare for a case in which the graft
was short, a button fixture (stiffness 1589.9 N/mm) with a
20mm loop was connected to the implanted graft at the
femoral tunnel starting point [6, 28]. This rigid body knee
joint model with deformable ACL was based on our previous
analyses and was validated through those studies [6].

For dynamic simulation, MFBD analyses by using simu-
lation package (Recurdyn V9R1, FunctionBay, Korea) for 12
cases were performed by simulating four different ASR knee
models (84%, 88%, 93%, and 97%) at three recommended
tunnel entry points (posterior-proximal sites at 5, 10, and
15mm distances from the lateral femoral epicondyle;
Figure 2). Then, we compared the calculated von Mises
stresses of the ACL graft, the femoral tunnel lengths, and
the graft bending angles for each placement of the implanted
graft in the knee models (Figure 3).

3. Results

3.1. Aspect Ratio of the Distal Femur. The average mediolat-
eral (fML) width was 69.32 + 3.50 mm. The average lateral
anteroposterior (fAP) height was 64.63 + 3.65 mm. The cal-
culated ASR was from 95% to 119% (Figure 4). We selected
ASRs at 98%, 105%, 111%, and 117% for biomechanical
analysis because they represented quartile values across the
distribution of knee samples.

3.2. Length of Femoral Tunnel. Regarding femoral tunnel
lengths of the four different ASR knee models, the shortest
femoral tunnel was 27.22mm at 45° of the posterior-
proximal direction at a distance of 15mm (C) and an ASR
of 111%, whereas the longest femoral tunnel was 34.25 mm
at a distance of 5mm (A) and an ASR of 105%. The average
femoral tunnel lengths were 32.93mm, 30.34mm, and
28.11 mm when the distance was 5mm (A), 10mm (B),
and 15mm (C), respectively. Femoral tunnel length
decreased as the distance increased at the 45° posterior-
proximal direction from the lateral femoral epicondyle.
The average femoral tunnel lengths were 29.99 mm,
31.74mm, 29.50 mm, and 30.60 mm at ASRs of 98%, 105%,
111%, and 117%, respectively (Figure 5).

3.3. Bending Angle of the Implanted Graft. Regarding the
graft bending angles of the four different ASR knee models,
the smallest graft bending angle was 100.85" with a distance
of 5mm (A) and an ASR of 111%, whereas the largest graft
bending angle was 123.53° with a distance of 15mm (C)
and an ASR of 98%. The average graft bending angles were
103.52% 111.55°, and 120.4° when the tunnel entry positions
were 5mm (A), 10mm (B), and 15mm (C), respectively.
The graft bending angle increased as the distance increased
from the lateral femoral epicondyle. The average graft bend-
ing angles at ASRs of 98%, 105%, 111%, and 117% were
114.75% 112.40%, 109.64°, and 110.51°, respectively (Figure 6).

3.4. von Mises Stress of Implanted Grafts during Continuous
Knee Motion. Regarding the von Mises stress of the implanted
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Step 3

F1GURE 2: The process of computational analysis on ACLR for the 3D knee model showing recommended tunnel entry points during
continuous motions; Step 1: the starting point for the three investigated femoral tunnels was the 45° posterior-proximal angle at 5mm
(A), 10mm (B), and 15mm (C) distances from the lateral epicondyle. Step 2: follow the shape of the knee using motion analysis data.

Step 3: calculate stresses of the implant.
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FI1GURE 3: Description of the graft bending angle and femoral tunnel length.

grafts in the four different ASR knee models during continu-
ous knee movement, the lowest von Mises stress was
19.4MPa at the 45° posterior-proximal angle at a distance of
15mm (C) and an ASR of 98%, whereas the highest von Mises
stress was 71 MPa at the 45° posterior-proximal angle with a
distance of 5mm (A) and an ASR of 117% (Figure 7). The
von Mises stress of the implanted graft decreased with increas-

ing distance at ASRs of 105%, 111%, and 117%, but the von
Mises stress of the implanted graft at an ASR of 98% changed
very little as the distance from the lateral epicondyle increased.
The von Mises stress of the implanted graft during continuous
knee movement also increased as the knee joint angle
decreased. The highest stress value was observed when the
knee joint angle was between 0° and 30” (Figure 8).
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FIGURE 4: Histogram of knee ASRs (total 89 samples); simulation
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F1GuRE 5: Calculated femoral tunnel length of patient-derived ACL
graft at 5mm, 10 mm, and 15 mm tunnel entry point distance from
the lateral epicondyle. Femoral tunnel length decreased as the
tunnel entry point distance from the lateral femoral epicondyle
increased.

4. Discussion

The main cause of ACLR surgery failure is incorrect tunnel
position [29, 30]. This mispositioning causes damage to knee
structures (cartilage, ligaments, meniscus, etc.) and could
lead to arthritis [31]. The main purpose of ACL surgery is
stabilization to prevent early knee wear. If the femoral tunnel
is placed anteriorly, it causes tension in the graft, limiting
flexion and rotational stability [32]. To reduce failure and
improve stability during ACLR surgery, surgical methods
considering anatomy, such as the outside-in technique, have
been introduced [7, 33]. In this study, tunnel position was
selected based on the ASR of the knee through the outside-
in technique during ACL surgery.

For successful ACL reconstruction, many researchers
have focused on the optimal tunnel position with tunnelling
technique through biomechanical simulations [6, 25, 34, 35].
However, anatomical characteristics of the knee were not

5
130
1254
e T
L
b 115 [ : :
g o— : ‘
BOLI0 {0
£
= ] . . .
S 1051 T
sl
= ‘ ‘\D/D
T 100 A BT
&)
95
90 T T T T
98 105 111 117
Aspect ratio (%)
—o— (A) 5mm
—0— (B) 10 mm
—A— (C) 15 mm

FIGURE 6: Calculated graft angles of ACL reconstruction at 5 mm,
10 mm, and 15mm tunnel entry point distances from the lateral
epicondyle. The graft bending angle increased as the tunnel entry
point distance from the lateral femoral epicondyle increased.
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FIGURE 7: Maximum von Mises stress in grafts according to knee
ASR. Stress decreased with increasing distance at ASRs of 105%,
111%, and 117%. The stress at an ASR of 98% changed very little
with increasing distance from the lateral epicondyle.

considered in these studies. Computational studies of the
optimal tunnel position mentioned above have been carried
out without any consideration of these anatomical charac-
teristics. Therefore, in this study, we investigated the biome-
chanical effect of the implanted graft on the optimal tunnel
position for four representative ASRs.

According to Beckers et al. [36], men had wider knees
(range 108~151%) than women (range 106~146%), and
compared to Caucasian knees (range 116~126%), Arabian
(range 106~149%) and Indian (range 118~147) knees were
wider, while East Asian knees were narrower (range
100~118). This study on Korean men showed knee ASRs
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movement as a result of MFBD analyses at the various ASRs: Max. stress (red) and Min. stress (blue).

of 95~119%, similar to the results of a previous study on
Asians [37, 38]. The femoral tunnel length for ACL graft
was not affected by the ASR of the distal femur. The femoral
tunnel length at 111% ASR showed a minor decrement com-
pared with 117% ASR. The tunnel length at 105% ASR

increased and then decreased at 98% ASR. Finally, the tun-
nel length at 117% ASR was similar to the length at 98%
ASR (Figure 6). The changes in tunnel length among the
various ASRs were about 1 mm, and the shortest tunnel
length was 27.22mm. Existing studies found that the
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minimum required tunnel length was 25 mm for successful
reconstruction surgery [35, 39]. Thus, the ASR of the distal
femur might not be an essential factor for determining ade-
quate tunnel length.

The calculated value of the graft bending angle showed
an increase when the entry point was far from the lateral epi-
condyle. The results at 111% and 117% ASRs were similar or
were slightly decreased compared with the increase at 98%
and 105% ASRs (Figure 7). The graft bending angle had a
larger value as ASR decreased at every entry point. Thus,
surgeons should pay attention to the graft bending angle
when confronted with a knee with a small ASR. A small
ASR causes a large value for the graft bending angle, and
the graft bending angle affects early graft healing and tunnel
widening [40-42].

Based on the review of previous computational studies,
accurate comparisons were limited due to the lack of infor-
mation on the ASRs of the analysis models. According to
the study of finite element analysis by Song et al. [43], the
von Mises stress distribution of a single bundle was 16.5 to
24 MPa. In addition, Westermann et al. performed FEA
studies about the various diameters (5 to 9mm) of ACL
grafts with a knee angle of 20 degrees [44]. Their results
showed a von Mises stress distribution of 15 to 22 MPa.
Lastly, in the study of Wan et al. [45], a three-dimensional
FEA analysis of ACL reconstruction was performed using
three grafts at a knee angle of 0 degrees. As a result, the stress
distribution was 20 to 52 MPa. Our study showed the highest
stress of the implanted ACL graft at a knee angle of 0 to 15
degrees for the four ASR models. In addition, our study
showed calculated stress values (19.49 to 71 MPa) in the
range of those from previous studies because various tunnel
positions and ASRs were considered in the analysis.

The maximum stress in the graft, when the ASR was
117%, had a high-stress value with the tunnel entry point
near the lateral epicondyle. The maximum stress value at a
5mm distance from the lateral epicondyle was 3.5 times
higher than the 15mm entry position, and in the cases at
105% and 111% ASR, the stress was 1.9 times higher at a
5mm distance compared with a 15mm distance. Otherwise,
in cases at 98% ASR, a low-stress value was achieved at all
entry points. When reconstructing the ACL with a large
ASR, creating a femoral tunnel entry point close to the lat-
eral epicondyle can increase stress on the graft.

The differences in results were small in the ASR 105-
111% range, which accounted for most of the sample. How-
ever, the difference of the bending angle was observed with a
large ASR of 117%, which is close to an ellipse, and the max-
imum stress increased at small ASR (98%), which is close to
a circular shape. Considering the number of samples in this
study (89 total), an 117% ASR was found in 10.11% (9/89) of
the total sample, and a 98% ASR was found in 8.89% (8/89).
Therefore, about 20% of the samples had a small or large
ASR; at least in these samples, the difference in ASR should
be considered during ACLR surgery.

This study had some limitations. First, we had to use
cadavers to analyze knee kinematics in the flexion-
extension process. Passive movement was performed with-
out consideration of body weight. In addition, major liga-

ments and soft tissues such as the medial/lateral collateral
ligament, posterior cruciate ligament, and anterolateral liga-
ment were not considered. However, the main role of these
soft tissues is involvement in passive movement. Second,
the results were not validated by biomechanical testing after
computational analysis of graft tensioning according to ASR
and tunnel entry position. Such analysis was not possible
here. A biomechanical test with three recommended tunnel
entry points with one ASR requires at least three cadavers
with the same ASR. In addition, it is difficult to produce
three tunnels in a femur with the same ASR. However, this
study confirmed that kinematic data obtained from limited
conditions and various ASRs of the knee can affect move-
ment, and these factors can affect ACL graft in small or large
ASRs.

5. Conclusions

This study is aimed at confirming through computational
analysis whether ASR, which was not examined in previous
studies, should be considered for current surgical proce-
dures. Our computations showed that there is no relation-
ship between ASR and femoral tunnel length for ACLR
surgery. A smaller ASR causes a higher graft bending angle,
and a larger ASR causes greater stress to the graft. As a
result, the ASR of the distal femur is a factor that should
be considered in ACLR surgical plans. Small or large ASRs
should be considered during ACLR surgery. We also believe
that clinical studies on possible graft stress outcomes will be
necessary.
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